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Abstract 
 
In the field of mobile applications the efficient storage of energy is one of the 
most critical issues. Lithium ion batteries are lighter, cheaper, show higher energy 
density (210Wh kg-1), no memory effect, longer service-life and higher number of 
charge/discharge cycles than other battery solutions.  The separator membrane is placed 
between the anode and cathode and serves as the medium for the transfer of charge, 
being a critical components for the performance of the batteries.  
Polymers such as PVDF and its copolymers poly(vinylidene fluoride-co-
trifluoroethylene), P(VDF-TrFE), poly(vinylidene fluoride-co-hexafluoropropylene), 
P(VDF-HFP), and poly(vinylidene fluoride-co-chlorotrifluoroethylene), P(VDF-CTFE) 
are increasingly investigated for their use as battery separators due to their high polarity, 
excellent thermal and mechanical properties, controllable porosity and wettability by 
organic solvents, being also chemically inert and stable in cathodic environment. 
Despite previous works in some of the PVDF co-polymers, there is no 
systematic investigations on poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE), 
despite its large potential for this specific application. 
The objective of this work is thus establish the suitability of P(VDF-TrFE) for 
battery separators and to control of its structure, stability and ionic conductivity in order 
to increase performance of the material as battery separators. It is shown that solvent 
evaporation at room temperature allows the preparation of membranes with degrees of 
porosity from 70% to 80% leading to electrolyte solution uptakes from 250% up to 
600%. 
The preparation of composites of P(VDF-TrFE) with lithium salts allows ionic 
conductivity values of the electrolytes of 2.3×10−6 S/cm at 120 °C. These composites 
show good overall electrochemical stability. 
A novel type of polymer blend based on poly(vinylidene fluoride-
trifluoroethylene)/poly(ethylene oxide), P(VDF-TrFE)/PEO, was prepared and it was 
found that the microstructure, hydrophilicity and electrolyte uptake strongly depend on 
PEO content within the blend. For this blend, the best value of ionic conductivity at 
room temperature was 0.25 mS cm−1 for the 60/40 membrane.  
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It was also verified that the ionic conductivity of the membrane is depend on the anion 
size of the salts present in the electrolyte solution, affecting also the electrolyte uptake 
value. 
Batteries fabricated with the separators developed in this work within 
Li/LiFePO4 and Li/Sn-C cells revealed very good cycling performance even at high 
current rates and 100% of depth of discharge (DOD), approaching the results achieved 
in liquid electrolytes. Good rate capability was observed in Li/LiFePO4 cathode cells, 
being able to deliver at 2C more that 90% of the capacity discharged at 0.1C. These 
results, in conjunction with the approximately 100% coulombic efficiency, indicate very 
good electrolyte/electrode compatibility. 
Thus, the developed materials showed suitable thermal, mechanical and 
electrochemical characteristics as well as high performance in battery applications, 
indicating the possibility of fabricating lithium-ion batteries with the battery separators 
developed in this work. 
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Resumo 
Na área dos dispositivos móveis, tais como telemóveis e computadores, o 
armazenamento eficiente de energia é um dos problemas críticos a resolver.  
As baterias de ião-lítio são mais leves, mais baratas, com maior densidade de 
energia (210Wh kg-1), sem efeito de memória, tempo de vida prolongado e maior 
número de ciclos de carga / descarga do que outras baterias, tais como as de níquel-
cádmio.  
Um dos componentes essenciais para o desempenho das baterias é a membrana 
de separador, colocada entre o ánodo e o cátodo.  
Polímeros como o poli (fluoreto de vinilideno) (PVDF) e seus co-polímeros: poli 
(fluoreto de vinilideno-co-trifluoroetileno), P(VDF-TrFE), poli (fluoreto de vinilideno-
co-hexafluoropropileno), P(VDF-HFP), e poli (fluoreto de vinilideno-co-
clorotrifluoroetileno), P(VDF-CTFE) são investigados quanto à sua utilização como 
separador de bateria devido à sua elevada polaridade; excelentes propriedades 
mecânicas e térmicas; porosidade controlável; molhabilidade por solventes orgânicos; 
ser quimicamente inertes e estáveis em ambiente catódico. Existem trabalhos com 
alguns co-polímeros de PVDF, mas não há investigações sistemáticas sobre poli 
(fluoreto de vinilideno-trifluoroetileno), P(VDF-TrFE), apesar do seu grande potencial 
para esta aplicação específica.  
O objetivo deste trabalho é, determinar a performance do P(VDF-TrFE) para a 
sua utilização em separadores de baterias, controlando a sua estrutura, a estabilidade e a 
condutividade iónica, a fim de aumentar o desempenho do material. 
Mostra-se que a evaporação do solvente à temperatura ambiente permite a 
preparação das membranas com diferentes graus de porosidade desde 70% até 80%, e 
com absorção de electrólito entre 250% e 600%. A preparação de compósitos de 
P(VDF-TrFE) com sais de lítio permitiu obter uma condutividade iónica dos electrólitos 
de 2,3×10-6 S.cm-1 à 120ºC com  boa estabilidade electroquímica. 
Um novo tipo de misturas de polímeros à base de poli (fluoreto de vinilideno - 
trifluoroetileno) / poli (óxido de etileno), P(VDF-TrFE)/PEO, foram preparadas tendo 
em conta que a microestrutura, hidrofilicidade e absorção de eletrólitos dependem 
fortemente do teor de PEO dentro da mistura. Para esta mistura, o melhor valor de 
condutividade iónica à temperatura ambiente foi de 0,25 mS.cm-1 para a membrana com 
composição 60/40. Verificou-se que a condutividade iónica da membrana depende do 
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tamanho do anião do sal presente na solução de electrólito, afetando também o valor de 
absorção do electrólito. 
Baterias fabricadas com os separadores desenvolvidos neste trabalho foram 
avaliadas em células de Li/LiFePO4 e Li/Sn-C revelando muito bom desempenho 
cíclico, mesmo para taxas altas de varrimento e 100% de “depth of discharge”, DOD, 
aproximando-se dos resultados obtidos em eletrólitos líquidos. Igualmente, em células 
de cátodo Li/LiFePO4 foi obtido a 2C mais de 90% da capacidade descarregada à 0.1C. 
Estes resultados, em conjunto com a eficiência coulombica aproximadamente de 100%, 
indicam uma muito boa compatibilidade entre o electrólito e o eléctrodo.  
Assim, os materiais desenvolvidos neste trabalho apresentam características 
térmicas, mecânicas e eletroquímicas apropriadas para a fabricação de baterias de ião-
lítio baseados nestes separadores. 
 
 
  VII 
List of Symbols and Abbreviations 
 
13TFSI  N-methyl-N-propylpiperidinium Bis(trifluoromethanesulfonyl) 
Amide 
Al2O3 Aluminum Oxide 
AlO[OH]n Aluminum Oxyhydroxide 
AN  Acetonitrile 
BaTiO3 Barium Titanate 
BMIBF4 1-Butyl-3- Methylimidazolium Tetrafluoroborate 
BMITFSI  1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
BMPyrTFSI 1-Butyl-3-Methypyrrolidinium Bis 
(trifluoromethanesulfonyl)imide 
CNF Carbon Nanofibres 
CNT Carbon Nanotubes 
CoO  Cobalt Oxide 
CTFE Chlorotrifluoroethylene 
DEC Diethyl Carbonate 
DIOX  1,3-Dioxolane 
DMBITFSI 1,2-dimethyl-3-n-butylimidazolium-bis-
trifluoromethanesulfonylimide 
DMC Dimethyl Carbonate 
DMOImPF6  2,3-Dimethyl-1-octylimidazolium Hexafluorophosphate 
EC Ethylene Carbonate 
EMC Ethyl Methyl Carbonate 
EMITf:  1-ethyl-3-methylimidazolium trifluoromethanesulfonate 
Fe2O3  Iron Oxide 
GBL γ-butyrolactone 
HFP Hexafluoropropene 
ILs Ionic Liquid 
Li Lithium 
LiAlO2  Lithium Aluminate 
LiAsF6  Lithium Hexafluoroarsenate 
LiBF4  Lithium Tetrafluoroborate) 
LiBETI  Lithium Bis(perfluoroethanesulfonyl)imide 
LiCF3SO3  Lithium Trifluoromethanesulfonate 
LiClO4  Lithium Perchlorate 
LiClO4·3H2O Lithium Perchlorate Trihydrat 
LiCoO2 Lithium Cobalt Oxide 
LiFePO4 Lithium Iron Phosphate  
LiPF6  Lithium Hexafluorophosphate 
LiMnO2 Lithium Manganese Dioxide 
LiNiO2 Lithium Nickel Oxide  
LiNi0.5Mn0.5O4 Lithium Nickel Manganese Oxide  
LiTFSI Lithium Bis(Trifluoromethanesulfonyl)Imide 
Li4Ti5O12 Lithium Titanium Oxides 
MCM-41 Molecular Sieves 
Mg(CF3SO3)2  Magnesium Triflate 
Mg(ClO4)2 Magnesium Perchlorate 
MgO Magnesium Oxide 
NH4PF6 Ammonium Hexafluorophosphate 
  VIII 
MMT  Montmorillonite 
MnO2  Manganese Dioxide 
NaClO4 Sodium Salt 
NaTf Sodium Triflate 
NaY Molecular Sieves 
PAN Poly(acrylonitrile) 
PC Propylene Carbonate 
PDPA Polydiphenylamine 
PDMS  Poly(dimethylsiloxane) 
PE Poly(ethylene) 
PEG Poly(ethylene glycol) 
PEGDA Poly(ethylene glycol diacrylate) 
PEGDMA Poly(ethylene glycol dimethacrylate) 
PEO Poly(ethylene oxide) 
P(EO-EC) Poly(ethylene oxide-co-ethylene carbonate) 
PEO-PPO-
PEO  
Polyethylene oxide-co-polypropylene oxide-co-polyethylene oxide 
PET Poly(ethylene terephthalate) 
PMAML Poly(methyl methacrylate-co-acrylonitrile-co-lithium 
methacrylate) 
PMMA Poly(methyl methacrylate) 







PVA Poly(vinyl alcohol) 
PVC Poly(vinyl chloride) 
PVDF Poly(vinylidene fluoride) 
P(VDF-
CTFE) 
Poly(vinylidene fluoride-co- chlorotrifluoroethylene) 
P(VDF-HFP) Poly(vinylidene fluoride-co-hexafluoropropene) 
P(VDF-TrFE) Poly(vinylidene fluoride-co-trifluoroethylene) 
PVK  Poly(N-vinylcarbazole) 
PVP Poly(vinyl pyrrolidone) 
SBA-15 Molecular Sieves 
SiO2 Silicon Dioxide 
SN  Succinonitrile 
Sn-C Sn nanoparticles within a carbon matrix 
SnO2 Tin Dioxide 
TEABF4 Tetraethylammonium Tetrafluoroborate 
TEGDMA  Tetraethylene Glycol Dimethyl Ether 
TEGDME  Tetra(ethylene glycol) Dimethyl Ether 
TiO2 Titanium Dioxide 
TrFE Trifluoroethylene 
VDF Vinylidene Fluoride 
ZnO  Zinc Oxide 
ZrO2 Zirconium Dioxide 
  IX 
Table of contents 
List of figures ....................................................................................................... XII 
List of tables ..................................................................................................... XVIII 
1. Introduction........................................................................................................1 
1.1. Battery separators ....................................................................................... 2 
1.2. Polymer electrolytes based on poly(vinylidene fluoride) and its 
copolymers .................................................................................................................... 8 
1.2.1. Single polymer and copolymers ................................................................. 8 
1.2.2. Polymer and copolymer composites ......................................................... 13 
1.2.3. Poly(vinylidene fluoride) and copolymer based polymer blends ............. 18 
1.3. Anode and cathode electrodes used with PVDF based separators ........... 24 
1.4. Objectives ................................................................................................. 26 
1.5. Thesis structure and methodology ............................................................ 27 
1.6. References ................................................................................................ 28 
2. Materials and Methods ....................................................................................45 
2.1. Materials and sample preparation ............................................................. 46 
2.1.1. P(VDF-TrFE) membranes ........................................................................ 46 
2.1.2. Composite membranes ............................................................................. 46 
2.1.3. Polymer blends ......................................................................................... 47 
2.1.4. P(VDF-HFP) membranes ......................................................................... 47 
2.1.5. Composite electrodes ................................................................................ 47 
2.1.6. Cell preparation ........................................................................................ 48 
2.2. Materials and sample characterization ..................................................... 49 
2.2.1. Porosity ..................................................................................................... 49 
2.2.2. Electrolyte solution and uptake ................................................................ 49 
2.2.3. Morphology and polymer phase ............................................................... 50 
2.2.4. Thermal properties .................................................................................... 51 
  X 
2.2.5. Mechanical properties............................................................................... 51 
2.2.6. Electrochemical impedance spectroscopy ................................................ 52 
2.2.7. Cycle voltammetry ................................................................................... 53 
2.2.8. Charge – discharge battery performance .................................................. 53 
2.3. References ................................................................................................ 54 
3. Effect of the degree of porosity in the properties of P(VDF-TrFE) battery 
separators ........................................................................................................................58 
3.1. Samples ..................................................................................................... 59 
3.2. Results and discussion .............................................................................. 59 
3.2.1. Polymer phase and microstructural characteristics .................................. 59 
3.2.2. Thermal and mechanical properties .......................................................... 63 
3.2.3. Electrical results ....................................................................................... 69 
3.3. Conclusion ................................................................................................ 73 
3.4. References ...................................................................................................... 74 
4. Processing and characterization of P(VDF-TrFE)nLiClO4.3H2O composites 
membranes ......................................................................................................................77 
4.1. Samples ..................................................................................................... 78 
4.2. Results and discussions ............................................................................ 78 
4.2.1. Separator membrane morphology ............................................................ 78 
4.2.2. Thermal behavior ...................................................................................... 82 
4.2.3. Separators mechanical performance ......................................................... 85 
4.2.4. Ionic conductivity and cycle performance of batteries ............................. 87 
4.3. Conclusion ................................................................................................ 91 
4.4. References ................................................................................................ 92 
5. Main processing parameters influencing the performance of P(VDF-TrFE) 
as battery separators .......................................................................................................95 
5.1. Samples ..................................................................................................... 96 
5.2. Results ...................................................................................................... 96 
  XI 
5.3. Discussion ............................................................................................... 103 
5.4. Conclusion .............................................................................................. 108 
5.5. References .............................................................................................. 109 
6. Polymer Blends of P(VDF-TrFE)/PEO ........................................................113 
6.1. Samples ................................................................................................... 114 
6.2. Results and discussion ............................................................................ 114 
6.2.1. Microstructure, polymer phase and thermal properties .......................... 114 
6.2.2. Mechanical properties of the blend membranes ..................................... 118 
6.2.3. Uptake and electrical properties ............................................................. 119 
6.3. Conclusions ............................................................................................ 128 
6.4. References .............................................................................................. 129 
7. Effect of different salts in the electrolyte solution of P(VDF-TrFE) battery 
separator membranes ...................................................................................................131 
7.1. Samples ................................................................................................... 132 
7.2.1. Morphology, uptake, polymer phase and molecular interactions ........... 132 
7.2.2. Thermal and mechanical properties ........................................................ 136 
7.2.3. Electrical properties ................................................................................ 139 
7.4. References .............................................................................................. 148 
8. Lithium-ion batteries with separator membranes based on PVDF co-
polymers and blends .....................................................................................................152 
8.1. Samples ................................................................................................... 153 
8.2. Results and discussion ............................................................................ 153 
8.3. Conclusions ............................................................................................ 167 
8.4. References .............................................................................................. 168 
9. Conclusions and future works .......................................................................171 
9.1. Conclusion .............................................................................................. 172 
9.2. Future works ........................................................................................... 173 
  XII 
List of figures 
Figure 1.1 - Schematic representation of the main components of a lithium-ion battery 2 
Figure 1.2 - Research articles published on battery separators and polymer electrolytes 
for lithium ion battery applications. Search performed in Scopus database with the 
keywords “battery separators” and “polymer electrolytes”. ............................................. 5 
Figure 1.3 - Porosity vs uptake for various electrolyte solutions incorporated into PVDF 
membranes ...................................................................................................................... 12 
Figure 1.4 - Ionic conductivity for different filler types. ............................................... 18 
Figure 1.5 - Best ionic conductivity for the different polymer blends .......................... 23 
Figure 1.6 – Representation of the charge and discharge modes of the electrochemical 
cell .................................................................................................................................. 24 
Figure 3.1 - Microstructure of the P(VDF-TrFE) membranes crystallized at room 
temperature. Surface characteristics of the samples with 72 % (a) and 80 % (b) porosity 
and cross-section details, respectively in (c) and (d). Insets in the figure (c) and (d) 
exhibits pore size distribution of the separators. The membranes were obtained from 
15/85 and 5/95 polymer/solvent ratios, respectively. ..................................................... 60 
Figure 3.2 - Degree of porosity and 1M LiClO4-PC solution uptake for membranes 
prepared from a solution with different initial polymer/solvent concentrations ............ 61 
Figure 3.3 - Infrared Spectra for the porous P(VDF-TrFE) membranes with different 
initial polymer concentration before and after uptake from the electrolyte solution. .... 62 
Figure 3.4 - (a): TGA curves for porous membranes with different initial polymer 
concentration and (b): degradation temperature as a function of initial polymer 
concentration .................................................................................................................. 63 
Figure 3.5 - Ln(-Ln(1-α)) vs 1000/T for porous membranes without electrolyte solution.
 ........................................................................................................................................ 64 
Figure 3.6 - TGA curves for the porous membranes with electrolyte solution. Insert: 
corresponding DTG curves. ............................................................................................ 65 
Figure 3.7 - DSC scans obtained for the porous membranes without electrolyte 
solution. .......................................................................................................................... 66 
Figure 3.8 - DSC scans obtained for the porous membranes after uptake of the 
electrolyte solution. ........................................................................................................ 67 
  XIII 
Figure 3.9 - DMA curves for (a): storage modulus, E’ vs. log (ν) for porous membranes 
without electrolyte solution, (b): tan δ vs. log (ν) for porous membranes without 
electrolyte solution. ........................................................................................................ 68 
Figure 3.10 - Storage modulus, E’ and tan δ in function of porosity for all membranes 
with and without electrolyte solution ............................................................................. 69 
Figure 3.11 - Log (σ) vs 1000/T for all samples (a): without electrolyte solution, (b): 
with electrolyte solution ................................................................................................. 70 
Figure 3.12 - Voltammogram of Celgard 2400 and 15/85 (a): without electrolyte 
solution, (b): with electrolyte solution ............................................................................ 72 
Figure 4.1 – Separator microstructure evolution for the different evaporation 
temperatures: a), c) and e) crystallized at 210ºC for n=1.5, n=3 and n=15, respectively 
and b), d) and f) crystallized at room temperature for n=1.5, n=3 and n=15, respectively.
 ........................................................................................................................................ 78 
Figure 4.2 – Evolution of porosity in function of lithium ions amount for both 
crystallization temperatures. ........................................................................................... 80 
Figure 4.3 – Infrared Spectrum for samples with different lithium ions amount and 
crystallized at room temperature: a) Infrared Spectrum between 650 cm-1 and 2000 cm-1; 
b) Infrared Spectrum between 3000 cm-1 and 4000 cm-1. .............................................. 81 
Figure 4.4 – DSC curves for samples with different lithium ions amount: a) samples 
crystallized at 210 ºC and b) room temperature. ............................................................ 82 
Figure 4.5 – TGA thermograms for the P(VDF-TrFE)nLiClO4.3H2O composite 
separators: a) solvent evaporation at 210 ºC, b) solvent evaporation at room 
temperature. .................................................................................................................... 84 
Figure 4.6 – Storage modulus for the E’ P(VDF-TrFE)nLiClO4.3H2O composite 
separators:  a)  solvent evaporation at 210 ºC, b) solvent evaporation at room 
temperature and tan δ for P(VDF-TrFE)nLiClO4.3H2O composite separators:  c)  solvent 
evaporation at 210 ºC, d) solvent evaporation at room temperature. ............................. 86 
Figure 4.7 – Log (σ) vs 1000/T in function for all sample: a) solvent evaporation at 210 
ºC, and b) solvent evaporation at room temperature. ..................................................... 88 
Figure 4.8 – Log (Ionic conductivity) in function of lithium ion for various 
temperatures.................................................................................................................... 89 
Figure 4.9 – Cycle Voltammogram of P(VDF-TrFE)nLiClO4.3H2O composite 
separators with n=1: a) solvent evaporation at 210 ºC, and b) solvent evaporation  at 
room temperature. ........................................................................................................... 90 
  XIV 
Figure 5.1 - Separator microstructure for the samples prepared after the different 
processing techniques: a) sample without lithium ions crystallized at room temperature, 
b) microstructure of the membrane for lithium ions (n=1.5) crystallized at room 
temperature, c) microstructure of sample crystallized at 210 °C without lithium ions and 
d)Uptake for porous and non-porous samples for the different electrolyte solution. ..... 97 
Figure 5.2 - Infrared spectrum for the different samples ............................................... 98 
Figure 5.3 - Nyquist plot for: a-c) P(VDF-TrFE) samples at 50 °C and d) non porous 
membrane with 1 M LiClO4-PC. .................................................................................. 100 
Figure 5.4 - a and b) Impedance modulus and c) Phase angle for all samples at 50 °C
 ...................................................................................................................................... 102 
Figure 5.5 - Illustration of Randles circuit................................................................... 103 
Figure 5.6 - a) Nyquist plot simulated through the Randles circuit. The identification of 
processes was adapted by [15] and b) shows the Nyquist plot for porous membrane with 
1 M LiClO4.3H2O-PC at room temperature (squares) and the line represent the fitting 
with Randles circuit. ..................................................................................................... 104 
Figure 5.7 - a) Ionic conductivity as a function of temperature all membrane samples 
and b) parameter n and capacitance for porous membrane with 1 M LiClO4.3H2O-PC.
 ...................................................................................................................................... 105 
Figure 5.8 - For all samples a) Impedance modulus of |Z| as a function of temperature at 
1 kHz and b) phase angle as a function of temperature at 1 kHz. ................................ 106 
Figure 5.9 - Cycle Voltammogram of all membrane samples ..................................... 107 
Figure 6.1 - Cross-section SEM images of P(VDF-TrFE)/PEO blend for PEO (Mw=10 
kDa): a) 100/0, b) 80/20, c) 60/40, d) 40/60 ................................................................. 114 
Figure 6.2 - DSC thermograms of the blend membrane, 60/40 for both molecular 
weight in the heating scan ............................................................................................ 116 
Figure 6.3 - Storage modulus, E’, measured at 1 Hz and 25 ºC, as a function of PEO 
content for the polymer blend membranes for the two PEO molecular weight. .......... 118 
Figure 6.4 - Nyquist plot of PVDF-TrFE)/PEO-100k blends measured without 
electrolyte solution at room temperature for: a) 100/0, b) 80/20, c) 60/40 and d) 40/60 
blends. ........................................................................................................................... 120 
Figure 6.5 - Nyquist plot of P(VDF-TrFE)/PEO-100k membrane with electrolyte 
solution for: a) 100/0, b) 80/20, c) 60/40 and d) 40/60 blends ..................................... 121 
Figure 6.6 - Ionic conductivity as a function of PEO content for P(VDF-TrFE)/PEO 
blend without electrolyte (a) and with electrolyte solution uptake (b). ........................ 122 
  XV 
Figure 6.7 - Logarithm of conductivity,σ, as function of reciprocal temperature, 1000/T 
for P(VDF-TrFE)/PEO blend without electrolyte (a) and with electrolyte solution 
uptake (b) for both molecular weight. .......................................................................... 123 
Figure 6.8 - a) Voltammogram of P(VDF-TrFE)/PEO for Mw=10 kDa for all polymer 
blends membranes at 1 V/s and b) Voltammogram of P(VDF-TrFE)/PEO for 80/20 with 
two molecular weights of PEO (Mw=10 kDa and Mw=100 kDa) at 1V/s. .................... 126 
Figure 7.1 – SEM images showing the microstructure of the P(VDF–TrFE) membranes 
prepared by solvent evaporation at room temperature a)  surface; b) cross section of the 
samples before electrolyte uptake. c) Surface and d) cross section of the samples after 
1M LiTFSI in PC electrolyte uptake. ........................................................................... 132 
Figure 7.2 –a) Uptake value of the P(VDF–TrFE) immersed in the different electrolyte 
solution and b) Infrared spectroscopy after uptake of the different electrolyte solution.
 ...................................................................................................................................... 133 
Figure 7.3 –FTIR spectrum and the curve-fitting results of the LiTFSi, Mg(CF3SO3)2, 
Na(CF3SO3) salts. ......................................................................................................... 135 
Figure 7.4 –DSC thermographs of the membrane immersed in the different electrolyte 
solution. ........................................................................................................................ 136 
Figure 7.5 –Stress-strain curves of the membrane immersed in the different electrolyte 
solution and the pure polymer ...................................................................................... 138 
Figure 7.6 - a) Nyquist plots of the membrane soaked in different electrolyte solution at 
50 ºC, b-c) Bode diagram of the membranes soaked in different electrolyte solution at 
50 ºC and d) ionic conductivity of the membranes soaked in the different salt at 25ºC 
and 100ºC. .................................................................................................................... 140 
Figure 7.7 - Illustration of Randles circuit................................................................... 141 
Figure 7.8 – Schematic representation of the equivalent circuit model used for the 
P(VDF-TrFE) membrane soaked in Mg(CF3SO3)2 and LiTFSi at 50ºC. ..................... 142 
Figure 7.9 - Log σ as a function of 1000/T for the different membranes. ................... 144 
Figure 7.10 - Voltammogram of the membranes at different scanning rates for: 
a)LiBF4, b) LiTFSI, c) Na(CF3SO3) and d) Mg(CF3SO3)2. .......................................... 145 
Figure 8.1 - Picture of a P(VDF-TrFE) membrane before (panel A) and upon (panel B) 
swelling in (1M)LiPF6-EC/DMC(1/1 in weight) electrolyte solution at room 
temperature. .................................................................................................................. 153 
  XVI 
Figure 8.2 - Cross-section SEM images of different battery separator membranes. Panel 
A: P(VDF-TrFE); panel B: P(VDF-HFP); panel C: P(VDF-TrFE/PEO). Magnifications 
are depicted in the inserts. ............................................................................................ 154 
Figure 8.3 - DSC trace of selected electrolyte membranes based on different PVDF 
hosts. Scan rate: 10°C min-1. ........................................................................................ 155 
Figure 8.4 - Liquid electrolyte content vs. dipping time dependence (at room 
temperature) for Li+-conducting, polymer membranes based on P(VDF-TrFE), P(VDF-
HFP) and P(VDF-TrFE)/PEO hosts during immersing in (1M)LiPF6-EC/DMC(1/1 in 
weight) electrolyte solution .......................................................................................... 156 
Figure 8.5 - Retention of liquid electrolyte as a function of the exposition time (at room 
temperature) for Li+-conducting, polymer membranes, based on P(VDF-TrFE), P(VDF-
HFP) and P(VDF-TrFE)/PEO hosts, upon swelling in (1M)LiPF6-EC/DMC(1/1 in 
weight) electrolyte solution. ......................................................................................... 157 
Figure 8.6 - AC response, taken at different temperatures, of Li+-conducting, polymer 
membranes based on P(VDF-TrFE) (panel A), P(VDF-HFP) (panel B) and P(VDF-
TrFE)/PEO (panel C) hosts upon swelling in (1M)LiPF6-EC/DMC(1/1 in weight) 
electrolyte solution. ...................................................................................................... 159 
Figure 8.7 - Voltage vs. capacity discharge profiles (panel A) and capacity vs. current 
density dependence (panel B) of Li/LiFePO4 cathode half-cells containing Li+-
conducting, P(VDF-HFP) separators swollen in (1M)LiPF6-EC/DMC(1:1 in weight) 
electrolyte solution. Discharge rate: C/10 – 2C. Charge rate: C/10. Room temperature.
 ...................................................................................................................................... 161 
Figure 8.8 - Cycling performance (delivered capacity: solid squares; coulombic 
efficiency: open squares) of Li/LiFePO4 cathode half-cells containing Li+-conducting, 
P(VDF-HFP) separators swollen in (1M)LiPF6-EC/DMC(1/1 weight) electrolyte 
solution at room temperature. Discharge rate: C/10 – 2C. Charge rate: C/10. Room 
temperature. .................................................................................................................. 162 
Figure 8.9 - Voltage vs. capacity discharge profiles (panel A) and capacity vs. current 
density dependence (panel B) of Li/Sn-C anode half-cells containing Li+-conducting, 
P(VDF-TrFE) separators swollen in (1M)LiPF6-EC/DMC(1/1 in weight) electrolyte 
solution. Discharge rate: C/10 – 2C. Charge rate: C/10. Room temperature. The rate 
capability referred to Sn-C anodes in P(VDF-TrFE)/PEO-based electrolyte membranes 
is reported in panel B for comparing purpose. ............................................................. 163 
  XVII 
Figure 8.10 - Cycling performance (delivered capacity: solid squares; coulombic 
efficiency: open squares) of Li/Sn-C anode half-cells containing Li+-conducting, 
P(VDF-TrFE) separators swollen in (1M)LiPF6-EC/DMC(1:1 in weight) electrolyte 
solution at room temperature. Discharge rate: C/10 – 2C. Charge rate: C/10. Room 
temperature. .................................................................................................................. 165 
  XVIII 
List of tables 
Table 1.1 - Ideal value and relevance of the typical parameters for lithium-ion battery 
separators .......................................................................................................................... 4 
Table 1.2 – Developed polymer electrolytes based on PVDF and co-polymers and their 
main properties in chronological order ............................................................................. 9 
Table 1.3 - Polymer electrolytes based on PVDF based composite materials and their 
properties in chronological order. ................................................................................... 14 
Table 1.4 - Polymer electrolyte blends based on PVDF and copolymers and their 
properties in chronological order. ................................................................................... 20 
Table 3.1 – Vibration modes characteristics of the different materials present during the 
uptake experiments [5, 6]. .............................................................................................. 62 
Table 3.2 – Activation Energy for the obtained membranes ......................................... 65 
Table 3.3 – Activation energy for the porous membranes with and without electrolyte 
solution ........................................................................................................................... 71 
Table 4.1 – Activation energy determined through the equation 3 for all samples. ...... 90 
Table 5.1 - Microstructure, electrolyte solution, porosity and lithium ions uptake for the 
P(VDF -TrFE) membranes. ............................................................................................ 96 
Table 6.1 – Degree of crystallinity and melting temperature of each polymer as a 
function of the polymer blend composition for both molecular weight. ...................... 117 
Table 6.2 – Uptake, effective conductivity and MacMullin number of the separator 
membranes. Electrolyte: 1M LiClO4.3H2O; σ0 (S/cm)=9.8 mS cm-1 at 25 ºC. ............ 119 
Table 6.3 – Activation Energy for the blend membranes without electrolyte solution 124 
Table 6.4 – Fitting parameters obtained by VTF equation for all P(VDF-TrFE)/PEO 
membranes with electrolyte solution ............................................................................ 125 
Table 7.1 - Characteristics vibration bands of the different salts in the νs SO3 spectral 
region [6, 7]. ................................................................................................................. 135 
Table 7.2- Mechanical properties of the pristine polymer and the polymer oaked in the 
different salts. ............................................................................................................... 138 
Table 7.3 - Room temperature effective conductivity, tortuosity value and MacMullin 
number (NM) of the separator membranes soaked in the different electrolytes. .......... 139 
Table 7.4 - Parameters obtained by fitting the experimental values at 50 ºC to the 
equivalent circuit represented in figure 7.8. ................................................................. 143 
  XIX 
Table 7.5 – Fitting parameters obtained by VFT equation for membranes with the 
different electrolyte solution. ........................................................................................ 144 
Table 8.1 - Porosity, liquid content and ionic conductivity of electrolyte membranes 
based on different PVDF hosts. Organic = (1M)LiPF6 in EC/DMC (1/1 in weight) 
organic electrolyte. RTIL = (0.1)LiTFSI-(0.9)PYR14TFSI ionic liquid electrolyte (0.1 
and 0.9 represent the mole fractions). .......................................................................... 156 
Table 8.2 - Comparison among the liquid uptake and ionic conductivity values of the 
PVdF-based copolymer electrolyte membranes with those of various gel polymer 
electrolytes reported in literature. ................................................................................. 160 








This chapter describes the main properties of separator membranes for lithium-ion 
battery application, being a critical factor which affects the performance of the battery. 
The developments and main characteristics of poly(vinylidene fluoride), PVDF, and its 
copolymers for battery separator membranes is presented. Finally, the main objectives 
of the study are defined and the structure of the document presented. 
 
 
This chapter is based on the following publication:  
“Battery separators based on vinylidene fluoride (VDF) polymers and copolymers 
for lithium ion battery applications”, C. M. Costa, M. M. Silva, S. Lanceros-Méndez, 
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1.1. Battery separators 
After Pike Research Consulting, the market of portable batteries will reach $30.5 
billion dollars in 2015 with an annual growth rate of 8.5% [1]. The most used type 
of portable batteries are  lithium-ion batteries  as they are light, cheap, show high 
energy density, low charge lost, no memory effect, prolonged service-life and high 
number of charge/discharge cycles.  The market for lithium-ion (Li-ion) cells is 
mainly focused in portable electronic devices such as notebook computers and 
mobile phones. The first Li-ion batteries were commercialized 1991 [2, 3]. This 
commercialization was preceded by several scientific achievements, including the 
pioneering work of Yazami [4] regarding the use of lithium-graphite as a negative 
electrode. A Li-ion battery is an electrochemical cell that converts chemical energy 
into electrical energy [5, 6]. The basic constituents of an electrochemical cell are the 
anode, cathode and the separator, as illustrated in figure 1.1.  
 
Figure 1.1 - Schematic representation of the main components of a lithium-ion battery 
The separator membrane separates the anode and the cathode and it is essential in all 
electrochemical devices [7, 8]. The role of the separators is to the serve as the 
medium for the transfer of the lithium ions between both electrodes and to control 
the number of lithium ions and their mobility [9]. The separator is constituted by a 
polymer matrix soaked by the electrolyte solution, i.e, a liquid electrolyte where 
salts are dissolved in a solvent, water or organic molecules. Most commonly, the 
liquid electrolyte solution is composed by a lithium salt in a mixture of one or more 
solvents. The solvents present in the electrolyte solution must meet a combination of 
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requirements for battery applications, which are, in some cases, not easy to achieve, 
as for example, high fluidity vs. high dielectric constant [10]. The characteristics of 
an ideal solvent are high dielectric constant, for dissolving high salt concentrations; 
low viscosity, for improving ion transportation; to be inert to all cell components 
and to be in the liquid state in a wide temperature range. The nonaqueous solvents 
most used in electrolyte solutions belong to organic esters and ethers classes [11]. In 
both classes, the most used solvents are ethylene carbonate (EC), propylene 
carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC) and ethyl 
methyl carbonate (EMC). Other possibility for the fabrication of polymer electrolyte 
separators is by incorporating the lithium salts directly into the polymer matrix [12].  
A large diversity of requirements determine the performance of separator 
membranes for battery applications, such as low ionic strength, mechanical and 
dimensional stability, physical strength to allow easy handling, resistance to thermal 
and chemical degradation by electrolyte impurities and chemical reagents, to be 
easily wetted by liquid electrolytes and to show uniform thickness [9, 12, 13]. Table 
1.1 summarizes the typical values and the relevance of the main requirements of 
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Table 1.1 - Ideal value and relevance of the typical parameters for lithium-ion battery 
separators 
Parameter Ideal Value Relevance 
Thickness (μm) <25 
Determines the mechanical strength of the 
membrane and the risk of inner battery 




Describes the relative contribution of a 
separator to cell resistance. 
Gurley (s) ~25/mil 
Expresses the time necessary for a specific 
amount of air to pass through a specific area 
of the separator with a specific pressure. 
Porosity (%) / Pore 
Size (μm) 
40 / <1 
Determines the permeability required for 
battery separators. 
Shrinkage (%) 
< 5% in both 
MD and TD 
Dimensional stability. The separator should 
not shrink when exposed to the electrolyte 
solution.  
Tensile strength (%) 
<2% offset at 
1000psi 
The separator should stand mechanical stress 




The temperature safety range of the battery 




Separators with good mechanical properties at 
high temperatures may provide a larger safety 
margin for batteries 
Skew (mm/m) <0.2 
When a separator is laid out, the separator 
should be straight and not bowed or skewed. 
 
The materials used as separators for batteries are mainly polymers or polymer 
composites with dispersed fillers of various types. The most used polymers are 
poly(ethylene) (PE) [14, 15], poly(propylene) (PP) [16], poly(ethylene oxide) (PEO) 
[17-19], poly(acrylonitrile) (PAN) [20-22] and  poly(vinylidene fluoride) (PVDF) 
and its copolymers [22-26]. The most used fillers incorporated into the polymer 
hosts are inert oxide ceramics (Al2O3, SiO2, TiO2), molecular sieves (zeolites), 
ferroelectric materials (BaTiO3) and carbonaceous fillers, among others, with the 
main function of increasing the mechanical stability and/or ionic conductivity of the 
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separator [27].  
Figure 1.2 illustrates the increasing number of published scientific articles related to 























































Figure 1.2 - Research articles published on battery separators and polymer electrolytes 
for lithium ion battery applications. Search performed in Scopus database with the 
keywords “battery separators” and “polymer electrolytes”.  
 
The strong growth of work in this field in the past decade results from the 
development of new materials and processing techniques, which allows rapid and 
efficient technology transfer of the novel developed materials. 
PVDF is semi-crystalline polymer in which the amorphous chains are embedded 
between the lamellar crystalline structures with a degree of crystallinity ranging 
from 40% to 60%. It exhibits four polymorphs called α, β, γ, δ [28, 29]. The most 
common and important polymorphs of PVDF are the α- and β-phases. The α-phase is 
non-polar, it is the phase thermodynamically more stable when the material is 
obtained from the melt and when the solvent is evaporated at temperatures above 80 
ºC [30]. The β-phase is the most interesting phase for technological applications due 
to its electroactive properties: piezoelectric, pyroelectric and ferroelectric [31]. The 
β-phase is obtained with a porous microstructure directly by solution at 
crystallization temperatures below 70 ºC [32] or by mechanical stretching of the α-
phase at temperatures between 70 ºC and 100 ºC [33]. The dielectric constant of the 
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β-phase ranges between 10 at 13 and the conformational repeating unit (planar 
zigzag, all-trans) has a dipolar moment of 7x10-30 Cm [34]. 
The semi-crystalline copolymer poly(vinylidene fluoride-co-trifluoroethylene), 
P(VDF-TrFE), shows, for specific molar ratios of VDF and TrFE, a polar 
ferroelectric transplanar chain conformation similar to the one of the β-phase of 
PVDF [35]. P(VDF-TrFE) exhibits the ferroelectric (FE)-paraelectric (PE) phase 
transition at a Curie temperature, Tc, below the melting temperature, Tm. Both 
temperatures depend on the crystallization conditions and molar ratio of VDF and 
TrFE [36-38]. The copolymer poly(vinylidene fluoride-co-hexafluoropropene),  
P(VDF-HFP), is also a semi-crystalline polymer with a degree of crystallinity 
significantly reduced due to  the addition of hexafluoropropylene (HFP) [39]. 
Therefore, it shows high flexibility as compared to PVDF [40] and a dielectric 
constant of 8.4.  
In the copolymer poly(vinylidene fluoride-co-chlorotrifluoroethylene), P(VDF-
CTFE), the amount of chlorotrifluoroethylene, CTFE is essential for determining 
properties and applications [41]. For 25-70 % mol of VDF, the P(VDF-CTFE) is 
amorphous [42] being for the remaining concentrations a semicrystalline copolymer 
with a hexagonal structure [43]. The dielectric constant of P(VDF-CTFE) is 13 [44] 
and shows high electromechanical response for 9 and 12 mol % CTFE content [45]. 
PVDF and its copolymers poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-
TrFE), poly(vinylidene fluoride-co-hexafluoropropylene),  P(VDF-HFP), and 
poly(vinylidene fluoride-co-chlorotrifluoroethylene), P(VDF-CTFE) show strong 
advantages for their use as separator membranes in comparison to polyolefins [46] 
and other used materials due to their strong polarity (high dipolar moment) and high 
dielectric constant for a polymer material, which can assist ionization of lithium 
salts. It is also possible to control the porosity of the materials through binary and 
ternary polymer/solvent systems. Further, they are wetted by organic solvents, 
chemically inert, show good contact between electrode and electrolyte and are stable 
in cathodic environment [47-55]. Different processing techniques, such as solvent 
casting, electrospinning and hot-press have been used for the development for 
battery separators from these materials [56-61]. 
This chapter focused on battery separators and polymer electrolytes based on PVDF 
and its copolymers, P(VDF-HFP), P(VDF-TrFE) and P(VDF-CTFE), for lithium-ion 
battery application due to the recent advances and their large potential for energy 
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storage applications. A summary of the obtained results will allow establishing the 
maturity of these materials for the intended purpose as well as to reflect on the 
future steps to be taken both in research and technology transfer. 
The information is structured in three sections devoted to the state of the art in 
single polymers, composites and polymer blends, respectively. For each section, the 
materials and electrolyte solutions will be presented as well as the main 
characteristics of the materials, such as porosity, ionic conductivity and related 
properties. Some remarks on the electrodes of batteries based on the aforementioned 
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1.2.Polymer electrolytes based on poly(vinylidene fluoride) and its copolymers 
1.2.1. Single polymer and copolymers 
Fluorinated polymers such as PVDF and its copolymer show advantages when 
compared to commercial polyolefine separators (PE) due to their high polarity and 
dielectric permittivity, which provides larger affinity with polar liquid electrolytes. 
The characteristics of the developed PVDF and copolymer membranes are 
summarized in Table 1.2 as achieved in chronological order.  The porous battery 
separators of fluorinated polymers are most commonly obtained by phase inversion 
processes such as thermal induced phase separation (TIPS), using solvent and non-
solvent system and electrospinning [26, 62-64]. The achieved porosity of the battery 
separators ranges between 0 to 90% and the pore size from 0.5 μm to 16 μm [62]. 
Porous membranes with controlled porosity and pore sizes of 2 μm [65] and 1 μm 
[66] were also obtained by adding urea and salicylic acid, respectively, as foaming 
agents for PVDF or P(VDF-HFP). 
In 1996, Tarascon et al produced the first Li-ion battery with a fluorinated polymer 
(P(VDF-HFP)) as battery separator [67]. The performance of such a battery 
compares favourably in terms of gravimetric or volumetric energy density, life 
cycle, power rate and self-discharge with its liquid counterparts, while having 
enhanced safety characteristics, larger shape flexibility and scale ability. One of the 
main advantages of fluorinated polymers is their ability to be tailored in different 
geometries, including very thin cells. 
Kataoka et al [26] showed that the ionic conductivity depends on the immersion 
time of the polymer membrane in the electrolyte solution and on the aging time after 
removal from the solution. PVDF for polymer electrolytes is optimized with 1:1 
EC:PC plasticizer in salts such as LiAsF6 (lithium hexafluoroarsenate), LiPF6 
(Lithium hexafluorophosphate) and LiBF4 (Lithium tetrafluoroborate). Nevertheless, 
LiAsF6 gives better results for ionic conductivity than LiBF4 and LiPF6, irrespective 
of the nature of the polymer and the amount of plasticizer [68]. Salts with a 
polarizing cation and a large anion with a well delocalized charge, and therefore 
with low lattice energy, are the most suitable for polymer electrolytes [69].  
Modifications of the properties of PVDF have been achieved by radiation grafting 
for improving adhesion to electrodes, leading to good rate performance and stable 
cycle life [70]. 
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Table 1.2 – Developed polymer electrolytes based on PVDF and co-polymers and their 
main properties in chronological order 
Material 
Electrolyte 
solution/ lithium ions 
Porosity (%) / 
Fiber Diameter* 
(electrospun) (nm) 
Uptake / % 
σi / (S/cm) at 
25ºC 
Ref. 
P(VDF-HFP) 1M LiPF6 in EC/PC ----- 60 0.8 × 10-3 [67] 
PVDF 
1M LiPF6 + 
PC/EC/3DMC 
70 65 3.7 × 10-3 [62] 
PVDF 
1M LiTFSI in EC/DEC 
(2/3 in volume ratio) 
----- ----- 6.7 × 10-3 [26] 
PVDF 
10% LiBF4 in EC/PC 
(1:1) 
----- ----- 3.4 × 10-4 [68] 
PVDF 
10% LiPF6 in EC/PC 
(1:1) 
----- ----- 4.7 × 10-4 [68] 
PVDF 
10% LiAsF6 in EC/PC 
(1:1) 
----- ----- 6.6 × 10-4 [68] 
PVDF 1 M LiTFSI in EC/DEC 0 20 5.6 × 10-8 [71] 
PVDF 1 M LiTFSI in EC/DEC 23 32 2.7 × 10-6 [71] 
PVDF 1 M LiTFSI in EC/DEC 30 41 1.0 × 10-6 [71] 
PVDF 1 M LiTFSI in EC/DEC 70 60 9.8 × 10-5 [71] 
PVDF 1 M LiTFSI in EC/DEC 75 65 1.3 × 10-4 [71] 
P(VDF-HFP) 
1 M LiPF6 in 1/1 w/w 
(EC/DEC) 
----- ----- 1.5-2.0 × 10-3 [72] 
PVDF 
1 M LiPF6 in 1/1 w/w 
(EC/DEC) 
23 33 2.2 × 10-5 [73, 74] 
PVDF 
1 M LiPF6 in 1/1 w/w 
(EC/DEC) 
30 39 2.4 × 10-5 [73, 74] 
PVDF 
1 M LiPF6 in 1/1 w/w 
(EC/DEC) 
38 45 1.5 × 10-4 [73, 74] 
PVDF 
1 M LiPF6 in 1/1 w/w 
(EC/DEC) 
71 77 1.0 × 10-3 [73, 74] 
P(VDF-HFP) 
1M LiClO4 – EC/PC 
(1:1) 
83 220 1.5 × 10-3 [75] 
PVDF 1M LiPF6 – EC/PC ----- ----- 2.0 × 10-3 [76] 
PVDF 1M LiPF6 – 
EC/DMC/DEC (2/2/1) 
70 142 5.0 × 10-2 [77] 
P(VDF-HFP) 
1M LiPF6 – EC/DMC 
(1/1) 
23 76.4 0.3 × 10-3 [78] 
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PVDF 
1M LiTFSI in distilled 
water 
100–800* 50-73 1.6-2.0 × 10-3 [63] 
P(VDF-HFP) 
1 M LiBF4 in 1/3 w/w 
(EC/GBL) 
----- 120 3.4 × 10-3 [79] 
PVDF 
1M LiPF6 – 
EC/DMC/DEC (2/2/1) 
----- ----- 3.5 × 10-3 [80] 
PVDF 20wt% LiClO4 ----- ----- 8.7 × 10-4 [81] 
PVDF 
1M LiPF6 – 
EC/DMC/DEC (2/2/1) 
70 ----- 3.1 × 10-3 [82] 
P(VDF-HFP) 
1M LiPF6 – EC/DEC 
(1/1) 
70-90 ----- 1.2 × 10-3 [83] 
PVDF LiBF4 – PC:EC ----- ----- 1.0 × 10-3 [84] 
PVDF 
EC/PC/LiPF6 = 
43/43/7 (in wt%) 
----- ----- 1.0 × 10-3 [85] 




750-1630* 300-400 6.7 × 10-2 [87] 
P(VDF-HFP) 
0.5M LiTFSI in 
BMITFSI 
<1000* 750 2.3 × 10-3 [64] 
P(VDF-HFP) 0.5M LiBF4 in BMIBF4 <1000* 600 2.3 × 10-3 [63] 
P(VDF-HFP) 1M LiPF6 in EC/DMC 59 165 9.1 × 10-2 [88] 
P(VDF-HFP) 
1M LiCF3SO3 in 
TEGDME 




70 230 1.4 × 10-3 [49] 
PVDF 
1M LiCF3SO3 in 
TEGDME/DIOX (1/1) 




----- ----- 1.8 × 10-3 [90] 
P(VDF-HFP) 
1 M LiPF6-EC/DMC 
(1/1) 








----- 230 4.8 × 10-3 [66] 
P(VDF-HFP) 
0.3 M Mg(CF3SO3)2 in 
EMITf 
----- ----- 4.8 × 10-3 [92] 
PVDF 1 M LiPF6-EC/DMC 77 ----- 1.9 × 10-3 [55] 
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(1/1) 
P(VDF-CTFE) 
1 M LiPF6-EC/DMC 
(1/1) 
230* 800 2.0 × 10-3 [93] 
PVDF 50wt% LiTFS ----- ----- 1.7 × 10-2 [94] 
P(VDF-HFP) 40wt% LiTf ----- ----- 7.8 × 10-5 [95] 
P(VDF-HFP) 
0.8M LiTFSI in 1g 
13TFSI 




----- ----- 1.0 × 10-5 [97] 
PVDF 1M TEABF4 in AN 80 117 1.8 × 10-3 [52] 
PVDF 
1 M LiPF6-EC/DEC 
(4/6) 
48 142 ----- [98] 
 
 
From table 1.2 it is observed that PVDF and P(VDF-HFP) with LiPF6 and LiCF3SO3 
in different organic solvents lead to the best values of ionic conductivity (1.8 – 5 × 
10-2 S/cm). 
PVDF polymer as battery separator was found to be effective in enhancing the 
lithium transport number due to selective interactions with the anion. The ionic 
conductivity of PVDF is associated to the total solution uptake, which depends on 
the gelation process related to porosity and pore size. The solution introduced in the 
polymer is stored in the pores and then penetrates into the polymer, swelling the 
polymer network [71]. Other possibility for obtaining polymer electrolytes taking 
advantage of the properties of PVDF is by coating a microporous polyolefin 
membrane with a fluorinated polymer [72]. The cells with these polymer electrolytes 
showed good electrochemical and rate performance during cycling. Ideal membranes 
for porous polymer electrolytes based on PVDF for battery applications should 
present high porosity and small pore diameters with a narrow distribution. 
Experimental results show that porosity should be > 80% and pore diameter should 
be < 1 μm [75]. This porous structure has been also achieved with electrospun 
nanofiber webs [63]. 
The effect of the liquid organic solvents in PVDF microporous membranes was 
studied by Saunier et al [80]. It was observed that the affinity of PVDF for the liquid 
electrolyte may affect its mechanical strength and compromise battery safety. This 
indicates that the thermal and mechanical stability are affected when too much 
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solvent is incorporated into the polymer. The reversible modifications can also affect 
the membrane properties, as the glass transition and melting temperature are lowered 
[80]. The ionic conductivity of the PVDF microporous membranes is also affected 
by solvent/polymer and solvent/salt interactions, ionic dissociation and tortuosity 
value [82]. It was proven also that interactions between PVDF and PC mainly occur 
in the surface area of the PVDF crystalline phase, whereas interactions between PC, 
PVDF, and lithium salt mainly occur in the amorphous area [48]. 
 It was also observed that ionic conductivity decreases in the order EC/DEC > 
EC/EMC > EC/DMC among the electrospun PVDF fiber-based polymer electrolytes 
with the same weight fraction of EC [87]. For P(VDF-HFP)-based solid polymer 
electrolytes, lithium triflate salt effectively reduces the degree of crystallinity of the 
polymer and increases the ionic conductivity of the membrane [95]. The ionic 
conductivity depends not only on the characteristics of the electrolyte solution but 
also on the properties of the membrane -porosity and pore size- as shown in figure 
1.3. 
In figure 1.3, it is observed that for the same porosity are obtained different uptake 
ratios and ionic conductivities (table 1.2) due to the interactions with the cations and 
anions produced from the Li salts by the solvation process. The viscosity of the 
solvent also influences the transport and the transference numbers of the ions [99, 
100]. 









1M LiPF6 - EC/DMC/PC
1M LiClO4 - EC/PC
1M LiCF3SO3 - TEGDME
1M LiPF6 - EC/DMC
1M LiPF6 - EC/DMC
1M LiPF6 - EC/DMC/EMC
1M TEABF4-AN
1M LiClO4 - PC












Figure 1.3 - Porosity vs uptake for various electrolyte solutions incorporated into PVDF 
membranes 
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Therefore, the main problem still to be optimized for battery separators persists: to 
obtain a combination of good ionic conductivity with high uptake ratio and excellent 
mechanical properties without deterioration of the ionic conductivity in the 
temperature range of the lithium-ion battery operation.  
PVDF was proven to battery separator by Yamamoto et al in a 4.4 V Li-ion polymer 
battery. The discharge capacity reached 520 Whl-1 and the capacity retention ratio 
was 91.4% at 3C [85]. 
 
1.2.2. Polymer and copolymer composites 
To solve some of the problems existing in single polymer membranes, battery 
separators have been developed by the incorporation of suitable fillers into the host 
polymer for improving mechanical strength, thermal stability and ionic conductivity. 
Among these fillers are oxide ceramic, zeolites, ferroelectric ceramics, carbon, etc 
[27, 101]. These fillers can be divided into two groups: the fillers that participate in 
the ionic conduction process and the fillers that are not involved in the lithium 
transport process [27]. 
The characteristics of PVDF and copolymer composites for separator membranes are 
summarized in Table 1.3 in chronological order. 
From table 1.3 it is observed that separator membranes with the different fillers 
increase the ionic conductivity with respect to the pristine polymer matrix (table 
1.2), the characteristics/properties of fillers playing an important role in the 
conduction mechanism of separator membranes. 
Du Pasquier et al showed that the combination of a phase-inversion process and the 
presence of finely divided silica in the separator results in the formation of a stable 
porous structure, in which the pores are mechanically reinforced by the silica 
particles at their inner surface and the ionic conductivity of the P(VDF-HFP) 
membrane increases [102]. 
The addition of MgO fillers increases the compatibility between separator and 
electrodes (anode and cathode) and batteries with these membranes exhibit high 
power density (at 3C rate was >/280 W kg-1) [103]. 
Some authors verified that the presence of Montmorillonite (MMT) fillers have an 
effect on the nano-scale microenvironment for composite materials and a positive 
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increment of the charge carriers and its mobility, the membranes exhibiting high 
electrochemical characteristics for Li-ion battery applications [104]. Further, this 
filler is adequate for battery separators as it enhances the uptake of liquid electrolyte 
due to the excellent affinity of clays towards electrolyte molecules [105]. 
The effect of powder particle size on battery separator was studied by Takemura et 
al. It was observed that composites with 0.01 μm ceramic powders (Al2O3) showed 
excellent cycling properties [106]. 
The addition of molecular sieves has expanded the electrochemical stability window 
of polymer electrolytes, enhanced the interfacial stability of polymer electrolyte with 
lithium electrodes, and inhibited the crystallization of the PVDF-HFP matrix [107]. 
 
Table 1.3 - Polymer electrolytes based on PVDF based composite materials and their 
properties in chronological order. 
Material Fillers 
Electrolyte 
solution / lithium 
ions 
Porosity / 








1M LiPF6 in 
EC/DMC (1:1) ----- 100-250 
0.87 - 3.1 
× 10-3 [102] 
P(VDF-HFP) MgO 1M LiPF6 in EC/DMC (1:1) ----- 40 4.0 × 10
-4 [103] 
PVDF SiO2 
1MLiPF6 in EC/PC 
(1/1) ----- ----- ----- [108] 
PVDF SiO2 
1M LiClO4 in EC–
PC (1/1) ----- ----- ----- [108] 
PVDF SiO2 
1M LiPF6 in EC–
PC (1/1) ----- ----- 3.5 × 10
-2 [109] 
P(VDF-HFP) MMT LiCF3SO3 in PC ----- ----- 1.0 × 10-3 [104] 
P(VDF-HFP) SiO2 
1M LiTFSI in 
EC/DEC (1/1) 77 ----- 2.7 × 10
-2 [110] 
P(VDF-HFP) SBA-15 
1M LiPF6 in 
EC/DMC/EMC 
(1/1/1) 
59 76 0.8 × 10-3 [107] 
P(VDF-HFP) MCM-41 1M LiPF6 in 
EC/DMC/EMC 
(1/1/1) 
14 30 4.6 × 10-2 [107] 
P(VDF-HFP) NaY 
1M LiPF6 in 
EC/DMC/EMC 
(1/1/1) 
9 39 3.0 × 10-3 [107] 
P(VDF-HFP) TiO2 DMBITFSI / LiPF6 ----- ----- 1.3 × 10-3 [111] 
P(VDF-HFP) AlO[OH]n 5wt% of ----- ----- 1.1 × 10-2 [112] 
   15 
LiN(CF3SO2)2 
P(VDF-HFP) TiO2 LiClO4 in EC/PC 26 110 4.1 × 10-2 [113] 
P(VDF-HFP) MgO LiClO4 in EC/PC 27 62 3.7 × 10-2 [113] 
P(VDF-HFP) ZnO LiClO4 in EC/PC 23 61 5.5 × 10-2 [113] 
P(VDF-HFP) MCM-41 LiClO4 in EC/PC 42 93 6.1 × 10-2 [113] 
P(VDF-HFP) SBA-41 LiClO4 in EC/PC 52 82 5.0 × 10-2 [113] 
P(VDF-HFP) MMT 1M LiPF6 in 
EC:DMC (1/1) 
----- 40 2.5 × 10-3 [114] 
P(VDF-HFP) LiAlO2 1M LiClO4 in 
EC:DEC (1/1) 
87 121 8.1 × 10-3 [115] 
P(VDF-HFP) ZrO2 1M LiClO4 in 
EC:DEC (1/1) 
86 91 11 × 10-3 [116] 
P(VDF-HFP) TiO2 
1M LiPF6 in 
EC/DMC/DEC 
(1/1/1) 
67 ----- 0.9 ×10-3 [117] 
P(VDF-HFP) SiO2 
1M LiClO4 in EC/ 
PC (1:1) ----- ----- 4.3 × 10
-3 [118] 
P(VDF-HFP) SiO2 LiClO4+PC+DEC ----- ----- 1.0 × 10-2 [119] 
P(VDF-HFP) TiO2 
1M LiPF6 in 
EC/DMC (1/1) ----- 125 1.0 × 10
-3 [120] 
P(VDF-HFP) TiO2 
1M LiPF6 in 
EC/DMC (1/1) 60 359 1.7 × 10
-3 [93] 
P(VDF-HFP) MgO 1M Mg(ClO4)2 in 
EC/PC (1/1) 
----- ----- 8.0 × 10-3 [121] 
P(VDF-HFP) DMOImPF6 0.5M NH4PF6 ----- ----- 3.0 × 10
-5 [122] 
PVDF SiO2 ----- 136 ----- ----- [123] 
P(VDF-HFP) BaTiO3 LiBETI+EC+PC ----- ----- 0.8 × 10-3 [124] 
P(VDF-HFP) Al2O3 
1M LiPF6 in 






1M LiPF6 in 
DMC/EC/EMC 
(1/1/1) 
55 ----- 1.2 × 10-3 [126] 
P(VDF-HFP) α-MnO2 
1M LiTFSI-






1M LiPF6 in 
EC/DMC/DEC 
(1/1/1) 
62 161 1.0 × 10-3 [128] 
P(VDF-HFP) SiO2 
1M LiPF6 in 





1M LiPF6 in 
EC/DMC (2/1) ----- ----- ----- [130] 
PVDF Organic clays ----- 75 ----- ----- [131] 
PVDF MMT 1M LiClO4 in PC/DEC (1/1) ----- 177 2.3 × 10
-3 [105] 
PVDF TiO2 1 M LiPF6 in 65-79 ----- ----- [132] 
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EC/DMC (1/1) 
P(VDF-HFP) SiO2 
1M NaTf in EC/PC 
(1:1) ----- ----- 4.1 × 10
-3 [133] 
PVDF SiO2 
1 M LiPF6 in 
EC/DMC (1/1) 75 ----- 1.4 × 10
-3 [134] 
P(VDF-HFP) SiO2 
1 M LiPF6 in 
EC/DEC (1/1) 61 ----- 0.9 × 10
-3 [135] 
P(VDF-HFP) Cellulose 
1 M LiTFSI in 
BMPyrTFSI 58 712 4.0 × 10
-4 [136] 
P(VDF-TrFE) MMT 1M LiClO4.3H2O-PC 90 335 8.0 × 10
-7 [137] 
P(VDF-TrFE) NaY 1M LiClO4.3H2O-PC 36 233 2.0 × 10
-6 [138] 
P(VDF-TrFE) CNT 1M LiClO4.3H2O-PC 82 275 2.0 × 10
-6 [139] 
P(VDF-TrFE) BaTiO3 1M LiClO4.3H2O-PC 71 ---- 6.4 × 10
-5 [140] 
 
Stephan et al, verified that the incorporation of inert fillers reduces the crystallinity 
of the polymer host, acts as ‘solid plasticizer’ capable of enhancing the transport 
properties and provides better interfacial properties towards lithium metal anodes 
[112]. 
The uptake of electrolyte solution is not related directly to the surface area or 
dielectric constant of the oxides. It may be due to the affinity of the metal oxide 
toward the electrolyte solution [113]. The incorporation of fillers such as SiO2 and 
Al2O3 in the PVDF membrane promotes amorphicity, explaining the conductivity 
enhancement in PVDF-based electrolytes [141]. 
P(VDF-HFP) with SiO2 nanoparticles has been prepared for Na/S batteries with a 
first discharge capacity of 165 mAh g−1 [133].  
Galvanostatic cycling experiments of PVDF membranes with SiO2 showed that these 
membranes have behaviour similar to the corresponding liquid electrolyte, without 
significant differences in capacity [108]. 
Miao et al showed that TiO2 added to the composite electrolyte membranes helps to 
improve mechanical strength, electrolyte uptake, ionic conductivity, and the 
electrode/electrolyte interfacial stability [91]. 
Composite polymer electrolytes containing ionic liquids have been found to be 
thermally stable up to 300°C and show results adequate to be used as battery 
separators [122].  
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The nature of the filler and the filler content play therefore a very delicate role in the 
ionic conductivity of the composite materials [124]. The maximum amount of fillers 
found in the different works was 32 wt%. The ionic conductivity of the composite 
materials as battery separators depends on the nature of the fillers, the characteristics 
of the membrane (porosity) and the electrolyte solution type (lithium salts and 
solvent). For ionic conductivity improvement, the Lewis acid-base interactions 
between filler surface groups, polymer matrix and cations/anions play an essential 
role. 
Different fillers also incorporate complementary characteristics to the separator 
membranes. The molecular sieves produce a specific conducting pathway on the 
membranes and improve mechanical strength [128, 138]. The MMT particles do not 
affect the morphology of the polymer matrix and increase of electrochemical 
behaviour of the battery separator [104, 114, 137]. The inert oxide ceramics (Al2O3, 
TiO2, ZrO2) reduce the degree of crystallinity and promotes of Li+ transport at the 
boundaries of the filler particles [142]. Ferroelectric ceramic fillers (BaTiO3) 
increase the polarity of the battery separator due of the high dielectric constant of 
the fillers and due to the charge separation [27]. The interfacial stability between 
electrodes and battery separators as well as the ionic conductivity are improved with 
fillers based of carbon (CNT, CNF) [143]. 
Figure 1.4 shows the best ionic conductivity of the composite materials obtained 
with the different fillers. 
























Filler Type  
Figure 1.4 - Ionic conductivity for different filler types. 
 
Figure 1.4 shows that the best ionic conductivities are achieved for MgO, ZnO and 
MCM-41 fillers. The MgO and ZnO are inert oxide ceramics that change the 
dynamics of the polymer chains and MCM-41 are molecular sieves with strong 
Lewis acid centers in their frameworks and increase the Li+ transference number. 
 
1.2.3. Poly(vinylidene fluoride) and copolymer based polymer blends 
Another strategy for enhancing the ionic conductivity and other relevant properties 
of battery separator membranes such as mechanical and thermal properties is the 
fabrication of polymer blends. In the polymer blends for battery separators the 
strategy has been the following: one polymer should show a very good affinity with 
the liquid electrolyte and the other polymer must show excellent mechanical 
properties. The dimensional and electrochemical stability are also necessary 
requirements for polymer blends.  
The developed PVDF and copolymers based polymer blend membranes are 
summarized in Table 4 in chronological order. 
Table 1.4 shows that the polymer blends show high ionic conductivity and the 
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polymers more used with PVDF and its copolymers are PMMA and PEO due to the 
increased adhesion of electrodes and battery separators as well as to the ability to 
solvate a wide variety of salts, respectively. 
P(VDF-HFP)/PAN polymer blend membranes were prepared by Kim et al and high 
ionic conductivity and good mechanical properties were observed for the gel 
polymer electrolytes [144]. 
P(VDF-HFP)/PE blend membranes show that PE particles dispersed in P(VDF-HFP) 
form a continuous film with 23 wt% of PE. The continuous PE film exhibits the 
ability to cut off the ion diffusion between cathode and anode and induces high ionic 
conductivity and good mechanical strength [145]. 
Rajendran et al determined that the resulting ionic conductivity of the blend 
membranes is determined by the overall mobility of ion and polymer, which depends 
on the free volume around the polymer chain [146]. In the PMMA/PVDF (25-75) 
polymer blend with LiClO4 an ionic conductivity of 3.14 × 10-5 S/cm was obtained 
at room temperature.  
PMAML/P(VDF-HFP) is a promising electrolyte candidate for rechargeable lithium 
ion polymer batteries as it shows high ionic conductivity (2.6 mS.cm-1 at room 
temperature and electrochemical window around 4.6V) and good electrochemical 
stability [147]. 
Michael et al demonstrated that P(VDF–HFP)/PVK with LiBF4 offers the room 
temperature ionic conductivity of 0.72 mS/cm with an ionic transference number of 
0.49 [148]. 
A new type of separator was introduced by Lee et al [149] by coating poly(vinyl 
alcohol) (PVAc) on the surface of a PVDF/PE non-woven matrix. The coated 
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Table 1.4 - Polymer electrolyte blends based on PVDF and copolymers and their 












1 M LiPF6 in 
EC/DMC (1/1) 
76 82 1.9 × 10-3 [144] 
P(VDF-HFP) PAN 
1 M LiBF4 in 
EC/DMC (1/1) 
76 80 1.2 × 10-3 [144] 
P(VDF-HFP) PE 
1 M LiClO4 / PC + 
EC 
----- ----- 0.2 × 10-3 [145] 
PVDF PMMA 10 mol % LiClO4 ----- ----- 3.1 × 10-5 [146] 
P(VDF-HFP) PVP 
1 M LiBF4 in 
EC/DMC (1/1) 
----- 62 0.4 × 10-3 [150] 
PVDF PAN LiClO4 – PC - EC ----- ----- ----- [151] 
P(VDF-HFP) PEG LiTFSI ----- ----- 1.0 × 10-5 [152] 
P(VDF-HFP) PMAML 
1 M LiBF4 in 
EC/DMC (1/1) 




1 M LiPF6 in 
EC/DMC/EMC 
(1/1/1) 




1 M LiPF6 in 
EC/DEC (1/1) 
15 98 1.0 × 10-3 [154] 







----- ----- 1.0 × 10-3 [155] 
PVDF PE 
1 M LiPF6 in 
EC/DEC/PC 
(35/60/5, w/w/w) 
48 302 1.1 × 10-3 [156] 
PVDF PE 1 M LiPF6 in 
EC/DEC/PC 
(35/60/5, w/w/w) 
53 290 8.9 × 10-4 [149] 
P(VDF-HFP) PEO 1M LiTFSI in EC/PC ----- ----- ----- [157] 
P(VDF-HFP) PEO 
1M LiTFSI in EC/PC 
(1/1) 
----- ----- ----- [158] 
PVDF PEO 1M LiClO4 in PC 84 210 2.0 × 10-3 [159] 
P(VDF-HFP) PAN 
1M LiClO4 in 
EC/DEC (1/1) 
----- ----- 3.4 × 10-3 [160] 
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P(VDF-HFP) PVP-PEG 
1 M LiPF6 in 
DMC/EMC/EC 
(1/1/1) 
49 125 0.5 × 10-3 [161] 
P(VDF-HFP) P(EO-EC) LiCF3SO3 65 61 3.7 × 10-5 [162] 
PVDF PMMA 
1 M LiPF6 in 
DMC/EMC/EC 
(1/1/1) 
----- ----- ----- [163] 
P(VDF-HFP) PEG 
1 M LiPF6 in DEC/ 
EC (1/1) 
90 100 1.0 × 10-4 [164] 
PVDF PVC NaClO4+PC ----- ----- 1.5 × 10-4 [165] 
P(VDF-HFP) PVA 
1M LiClO4 in 
EC/DEC (1/1) 
86 90 7.9 × 10-3 [166] 
PVDF PVC LiClO4 +EC/PC ----- ----- 3.7 × 10-3 [167] 
PVDF PAN 1M LiClO4 in PC 85 300 7.8 × 10-3 [20] 
P(VDF-HFP) PAN 
1M LiPF6 in 
EC:EMC (1:3) 
83 ----- 6.7 × 10-3 [168] 
PVDF PMMA 
1M LiPF6 in 
EC:DMC (1:1) 
----- 260 7.9 × 10-3 [54] 
PVDF PDPA 1M LiClO4 in PC ----- 280 3.6 × 10-3 [23] 
P(VDF-HFP) PEGDMA 
1M LiClO4 in 
EC/DEC 





1M LiClO4 in EC/PC 
(1/1) 
32 63 1.9 × 10-3 [170] 
PVDF PMMA 
1M LiClO4 in EC/PC 
(1/1) 
----- 292 1.9 × 10-3 [171] 
P(VDF-HFP) SN LiClO4 ----- ----- 1.0 × 10-3 [172] 
P(VDF-HFP) PE 
1M LiPF6 in EC/ 
DEC (1/1) 
----- ----- 0.8-1.2 × 10-3 [173] 
P(VDF-HFP) PMMA 
1M LiPF6 in 
EC:DMC (1:1) 
----- 377 2.0 × 10-3 [174] 
P(VDF-HFP) PET 1M LiPF6 in 
EC:DMC (1:1) 
----- ----- 0.8 × 10-3 [175] 
P(VDF-HFP) PVA 
8wt% LiBF4 + 
67wt%  EC 
----- ----- 1.2 × 10-3 [176] 
PVDF PDMS 
1M LiPF6 in 
EC:DMC:EMC 
(1:1:1) 
55 250 1.2 × 10-3 [177] 




1M LiClO4 in EC/PC 
(1/1) 
----- 259 1.3 × 10-2 [178] 
P(VDF-HFP) PMMA 
1M LiClO4 in 
EC/DEC (1/1) 
50 403 1.7 × 10-3 [179] 
 
Sannier et al, produced a polymer blend of P(VDF-HFP)/PEO and also highlighted 
the role of the macroscopic blend interfaces toward dendrite in bi-layered separators 
[158]. 
For PVDF/PEO or P(VDF-HFP)/PEG blends, the addition of PEO or PEG in the 
PVDF matrix improves the pore configuration (connectivity) of the PVDF 
microporous membranes and increases ionic conductivity [159, 164]. 
Electrospun membranes based on PVDF were prepared and modified via pre-
irradiation grafting with PMMA. PMMA possesses good affinity for the liquid 
electrolyte and gelled PMMA could substitute nonconductive PVDF for being in 
contact with the electrodes [54]. 
Sohn et al prepared a P(VDF-HFP)/PEGDMA coated PE separator for lithium ion 
battery applications by electron beam irradiation (EB). The EB treatment of the 
blend membranes containing PEGDMA was found to strongly improve the thermal 
shrinkage of the separators by the formation of crosslinked networks, enhancing also 
electrolyte uptake and ionic conductivity [169]. 
The ionic conductivity of the polymer blends for battery separators depends on the 
affinity between polymers and the characteristics of the membrane (e.g. porosity, 
crystallinity, etc), which also depends on the processing technique such as thermal 
induced phase separation (TIPS). Figure 1.5 shows the best ionic conductivity for 
each developed polymer blend type. 




















































































Polymer Blends  
 Figure 1.5 - Best ionic conductivity for the different polymer blends 
 
The common element for the polymer blends with the best ionic conductivity is the 
presence of P(VDF-HFP) (Figure 1.5) due to the lower degree of crystallinity, its 
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1.3. Anode and cathode electrodes used with PVDF based separators 
The two different types of electrodes, anode and cathode, immersed in the 
electrolyte solution create the electrical potential, i.e. the electrochemical cell. 
During charging process, electrons move from the cathode to the anode (figure 1.6, 
left) and during discharge the electrons move from the anode to the cathode (figure 
1.6, right) [180]. 
 
Figure 1.6 – Representation of the charge and discharge modes of the electrochemical 
cell 
The anode is the negative active material. It is commonly based on carbonaceous 
materials and non carbon alloys where reversion reaction occurs [181]. Examples of 
carbonaceous materials used as anode materials are graphites, carbon nanotubes (CNT), 
carbon nanofibres (CNF) and lithium titanium oxides (Li4Ti5O12). 
Carbonaceous materials show the largest potential for improving the lithium ion cells 
and versatile, strong and highly conductive electrodes have been obtained to be used as 
anodes in batteries systems [182]. 
The cathode is the positive active material. It is based on transition metal oxides and it 
is the main responsible for the cell capacity and cycle life. 
Lithium cobalt oxide (LiCoO2), lithium manganese dioxide (LiMnO2), Lithium nickel 
oxide (LiNiO2) and lithium iron phosphate (LiFePO4) are some examples of materials 
used as cathodes. 
For batteries with separator membranes based on PVDF and copolymers, the most used 
materials for the anode electrodes are Sn nanoparticles within a carbon matrix (Sn-C), 
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graphite and lithium foil and for the cathode electrode are LiFePO4, LiCoO2 and lithium 
nickel manganese oxide (LiNi0.5Mn0.5O4) [66, 93, 96]. 
The abovementioned electrodes are of general use for different separator membranes 
and some work still remains to be developed in this area in order to optimize electrodes 
for PVDF based separators. Further, it is to notice that electrodes are typically formed 
by an active material, additives and a polymer binder. The polymer binder used both as 
anode and cathode for lithium-ion batteries can be also based on PVDF polymer due to 
its electrochemical, thermal and chemical stability as well as its easy processing. 
 
 
Finally, the state of art reflects the suitable characteristics of PVDF and co-polymers for 
the intended purpose but that there is a lack of research on poly(vinylidene fluoride-
trifluoroethylene), P(VDF-TrFE), despite its large potential. 
Thus, it is essential to investigate the characteristics of P(VDF-TrFE) co-polymer for 
battery separator membranes applications and to tune its microstructure, stability and 
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1.4. Objectives 
The main objective of my work is the processing, characterization and optimization of 
polymer separator membranes based on poly(vinylidene fluoride-trifluoroethylene), 
P(VDF-TrFE), for energy applications.  
Electroactive polymers allow tailoring dielectric constant and ionic conductivity, which 
is one of the main requirements of energy related applications. This work is thus 
focused on tailoring of the porous structures of the polymer accomplishing also the 
requirements of mechanical stability and ionic mobility, among others. 
 
The main specific objectives of this work are: 
 
1) Produce the porous membranes of poly(vinylidene fluoride-trifluoroethylene),  
(P(VDF-TrFE)), in order to tailor the microstructure and the electrical response 
of the materials. 
 
2) Study the performance of the materials with the inclusion of the lithium salts 
(LiClO4.3H2O). 
 
3) Obtain fundamental knowledge on the materials through the relationship 
between, processing, structural properties and morphology of the materials. 
 
4) Produce a new type of polymer blend based on P(VDF-TrFE) and PEO in order 
to modify electrolyte uptake and ionic conductivity 
 
5) Study the influence of the different salts in the electrolyte solution in the 
electrical, thermal and mechanical response of the materials. 
 
6) Select the best materials and microstructures from the point of view of the 
selected applications.  
 







   27 
1.5. Thesis structure and methodology 
The present thesis is divided into nine chapters showing the evolution of the work 
during this investigation.  
Seven of those chapters are based on published or submitted scientific articles.  
Chapter 1 shows a state of art for polymer electrolyte membranes based on 
poly(vinylidene fluoride) and its copolymers. Also in this chapter, the objectives of the 
study as well as the structure of the thesis are provided. 
The experimental procedures used in the diverse chapters, i.e, preparation procedures of 
the materials and characterizations techniques (morphological, thermal, mechanical and 
electrochemical behavior) are described in chapter 2. 
The effect of pore size and overall porosity in the characteristics of microporous 
membranes of P(VDF-TrFE) are studied and presented in chapter 3.  The thermal, 
mechanical and electrical properties of the membranes were evaluated before and after 
liquid uptake of an electrolyte solution of 1 M LiClO4–PC. 
Chapter 4 reports on the main characteristics of P(VDF-TrFE) membranes doped with 
different lithium perchlorate trihydrate contents. 
Some of the main parameters affecting separator performance such as porosity, 
dehydration of lithium ions and processing technique (Li-ion uptake versus composite 
formation) are presented and discussed in chapter 5. 
Chapter 6 reports on the effect of PEO content and molecular weight in polymer blends 
based on poly(vinylidene fluoride-trifluoroethylene)/poly(ethylene oxide), P(VDF-
TrFE)/PEO. 
The effect of different salts in the electrolyte solution of poly(vinylidene fluoride-co-
trifluoroethylene) battery separator membranes is provided in chapter 7. 
Chapter 8 reports on the physicochemical properties and cycling tests performed on 
Li/LiFePO4 and Li/Sn-C half cells of the novel electrolyte membranes based on P(VDF-
TrFE) and poly(vinylidene fluoride-hexafluoropropylene), P(VDF-HFP), and the 
P(VDF-TrFE)/poly(ethylene oxide) blend. 
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This chapter provides a description of the experimental procedures used in the 
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2.1. Materials and sample preparation 
2.1.1. P(VDF-TrFE) membranes 
Poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) (70/30, Mw = 350000 
g/mol) (Solvay, Brussels, Belgium) was dissolved in N,N-dimethyl formamide (DMF - 
Merck). The copolymer was dissolved in the solvent at room temperature with the help 
of a magnetic stirrer until a homogeneous solution was obtained. In order to prevent the 
formation of aggregates and help to dissolve the powder, was increased in 5ºC for 15 
minutes the temperature of the solution. The solution was prepared using different 
P(VDF-TrFE)/DMF volume fractions: 5/95, 10/90 and 15/85, which allows tailoring 
porous dimensions and degree of porosity [1, 2]. For obtained non-porous membranes, 
solvent evaporation was achieved at 120 °C for 60 min and the sample was then melted 
at 210 °C and cooled at room temperature. 
 
2.1.2. Composite membranes 
Lithium perchlorate trihydrat (LiClO4.3H2O) was acquired from Merck. 
The solid polymer electrolytes were identified by P(VDF-TrFE)nLiClO4.3H2O, where n 
expresses the salt content as the number of ether oxygen atoms per Li+ cation. Specific 
amounts of lithium perchlorate trihydrate were incorporated into P(VDF-TrFE) 
matrices, forming polymer electrolytes with compositions of 1.5 ≤ n ≤ 15 [3]. 
The solution was prepared using a constant P(VDF-TrFE)/DMF volume fraction of 
15/85. The lithium ions were added to DMF and dispersed with a magnetic stirrer. 
P(VDF-TrFE) powder were subsequently added to the solution and dissolved at room 
temperature. In order to obtain non porous samples, the solution was spread in a glass 
surface and the system was kept inside an over at 210 ºC during 10 minutes before 
cooling down at room temperature. Porous samples were obtained from the same 
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2.1.3. Polymer blends 
PEO (Mw = 10000 and Mw = 100000 g.mol-1) were acquired from Polysciences.  
P(VDF-TrFE)/PEO blends were prepared with compositions of 100/0, 80/20, 60/40, 
40/60 and 0/100 weight ratio for the two molecular weights of PEO. Blends were 
prepared by dissolving the adequate amounts of both polymers in N,N-
dimethylformamide (DMF) at a 15/85 w/v  polymer/solvent ratio.  The polymers were 
dissolved at 60 ºC during 4 hours with the help of a magnetic stirrer until a 
homogeneous and transparent solution was obtained. The solutions were poured in 
clean Petri dishes and the solvent was allowed to evaporate at 70 ºC for two hours. 
Finally, complete removal of the solvent was achieved in vacuum at 10-2 mm Hg and 70 
ºC for another 3 hours. Membranes with a typical thickness of 30 µm were obtained. 
 
2.1.4. P(VDF-HFP) membranes 
Poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP), 88/12, Mw = 600,000 
g mol-1) were supplied from Solvay (Belgium). P(VDF-HFP)-based membrane was 
prepared by dissolving the polymer material in N,N-dimethylformamide (DMF, from 
Merck) at a 15/85 polymer/solvent weight ratio. 
The copolymer was dissolved in the solvent (DMF) at room temperature with the help 
of a magnetic stirrer until a homogeneous and transparent solution was obtained. In 
order to prevent the formation of aggregates and help to dissolve the powders was 
increased in 5 ºC for 15 min the temperature of the solution. 
 After complete dissolution of the copolymer and then placed in a glass petri dish to 
evaporate DMF (15 days at room temperature in gas extraction chamber). 
 
2.1.5. Composite electrodes 
Composite electrodes were prepared by blending the active material (LiFePO4 or Sn-C 
(Sn:C weight ratio equal to 3:7, [4-7]), the electronic conductor (Super-P carbon, 
MMM) and the binder (PVDF, Solvay) in N-methyl-pyrrolidone. The so-obtained slurry 
was cast onto aluminum (LiFePO4) or copper (Sn) foil, allowing the solvent removal. 
Coin electrodes, having a 10 mm diameter and thickness ranging from 40 µm to 50 µm, 
were punched from the tapes. Finally, the electrodes were dried under vacuum at 110°C 
overnight and transferred in the glove box. The weight composition of electrodes 
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resulted 80:10:10 with an active material mass loading of 3.0 mg cm-2 (cathodes) and 
4.6 mg cm-2 (anodes). Taking into account for a reversible specific capacity of 170 mA 
h g-1 (LiFePO4) and 400 mA h g-1 (Sn-C), this corresponds to 0.5 mA h cm-2 (LiFePO4) 
and 1.8 mA h cm-2 (Sn), respectively.   
 
2.1.6. Cell preparation 
All test cells were manufactured in the glove box. The ionic conductivity was 
investigated in 2032 coin-type cells with two stainless steel, blocking disk electrodes 
divided by a 400 µm PTFE circular spacer (having an internal area equal to 0.5 cm2). 
The sample membrane (having a slightly higher thickness) was housed within the 
spacer. The Li/LiFePO4 and Li/Sn-C half-cells were fabricated by housing in 2032 coin-
type containers the sequence composed by a lithium disc anode (10 mm diameter), a 
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2.2. Materials and sample characterization 
The techniques used for the characterization of the different membranes covers different 
properties such as morphological, thermal, mechanical and electrochemical properties. 
 
2.2.1. Porosity 
The porosity of the samples was measured with a pycnometer by the following 
procedure: the weight of the pycnometer filled with ethanol, was measured and labeled 
as W1; the sample, whose weight was Ws, was immersed in ethanol. After the sample 
was saturated by ethanol, additional ethanol was added to complete the volume of the 
pycnometer. Then, the pycnometer was weighted and labeled as W2; the sample filled 
with ethanol was taken out of the pycnometer. The residual weight of the ethanol and 








=ε                                                       (1) 
The mean porosity of each membrane was obtained as the average of the values 
determined in three samples. 
 
2.2.2. Electrolyte solution and uptake 
Propylene carbonate (PC), Lithium perchlorate trihydrat (LiClO4.3H2O) and 1M 
lithium hexafluorophosphate (LiPF6) in ethylene carbonate/dimethyl carbonate (EC-
DMC, 1/1 in weight (LP30)) were acquired from Merck. Lithium tetrafluoroborate 
(LiBF4), Lithium Bis (Trifluoromethanesulfonyl) Imide (LiTFSI), Magnesium 
trifluoromethanesulfonate (Mg(CF3SO3)2 and Sodium trifluoromethanesulfonate 
(Na(CF3SO3) were purchased from Sigma Aldrich. The LiClO4 powder was obtained by 
dehydration of LiClO4.3H2O by thermal treatment [8]. The ionic liquid electrolyte was a 
mixture of the lithium bis(trifluoromethanesulfonyl)imide, LiTFSI (purchased from 
Solvionic) salt with the ionic liquid N-butyl-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide, PYR14TFSI (Solvionic). The LiTFSI/PYR14TFSI 
(mole ratio fixed equal to 1/9) mixture, prepared by dissolving the lithium salt in the 
ionic liquid compound, was successively vacuum dried (the vapor pressure of ionic 
liquids is non-detectable) overnight at 120°C. 
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The membranes were immersed into 1M solution of LiClO4, LiClO4·3H2O, LiBF4, 














ε                 ,                         (2) 
whereε is the uptake of the electrolyte solution, 0M  is the mass of the membrane 
and M is the mass of the membrane after immersion in the electrolyte solution. 
The liquid content (Lt) of the 1M LiPF6-EC-DMC solution and the 


















ML     (3) 
where M0 is the mass of the pristine sample membrane and M t is the mass of the 
swollen membrane after immersion in the electrolyte solution. This test was run until to 
achieve a time-stable liquid uptake within the separator membrane. 
The electrolyte loss was determined by recording the weight variation of fully 
swollen sample membranes, exposed to the glove box atmosphere, as a function of the 
exposition time. The sample weight was normalized with respect to the initial one (e.g., 
fully swollen membrane). The test was not performed for the non-volatile ionic liquid 
electrolytes.  The conductivity of the different electrolyte solution (1 M of 
LiClO4.3H2O, LiBF4, LiTFSi, Mg(CF3SO3)2 and Na(CF3SO3)  in PC) was measured in a 
Conductivity Meters (Crison-525). 
 
2.2.3. Morphology and polymer phase 
Samples were coated with gold using a sputter coating and their morphology was 
observed by scanning electron microscopy (SEM) (model JSM-6300, JEOL) with an 
accelerating voltage of 10 kV. 
Polymer phase was determined through infrared measurements (FTIR) performed at 
room temperature in a Perkin-Elmer Spectrum 100 apparatus in ATR mode from 4000 
to 650 cm-1. FTIR spectra were collected with 32 scans and a resolution of 4 cm-1.  
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2.2.4. Thermal properties  
Thermogravimetric studies were performed in open platinum crucibles using a 
Rheometric Scientific TG 1000 thermobalance operating under a flowing argon 
atmosphere between 30ºC and 700ºC at a heating rate of 10 ºCmin-1.   
The activation energy of the degradation process was determined by the Broido 
method (Equation 4), assuming n = 1 and considering the specific heating rate 
tT ∂∂=β [9]: 
( )[ ] const
RT
Ea +−=−− α1lnln             ,                               (4) 
where α  represents the degree of conversion of the sample under degradation, defined 
by: ( ) ∞−−= wwtww 00α  , with 𝑤0, 𝑤(𝑡) and 𝑤∞ being the weights of the sample 
before degradation, at time t and after complete degradation, respectively. 𝐸𝑎 is the 
activation energy of the process, T  is the temperature and R  is the gas constant 
(8.314 J.mol−1.K−1).  
Sections of the electrolytes for Differential Scanning Calorimetry (DSC) 
characterization were removed from films and subjected to thermal analysis under a 
flowing argon atmosphere between 25 and 200 ºC and at a heating rate of 10 ºC.min-1 
using a Perking Elmer Diamond instrument.  
The degree of crystallinity (ΔXcryst) of the samples was calculated from the DSC 





=∆   ,                                         (5) 
where ∆Hf  is the melting enthalpy of the sample and ∆H100 is the melting enthalpy for a 
100% crystalline sample, being 103.4 J g-1 for P(VDF-TrFE) [10] and 203 J g-1 for PEO 
[11]. 
 
2.2.5. Mechanical properties 
The mechanical behaviour was characterized by dynamic mechanical analysis 
(DMA) performed in a DMA8000 apparatus from Perkin-Elmer  or Seiko DMS210 
apparatus using the tensile mode and a frequency scan from 0.01 to 20Hz at room 
temperature. Rectangular samples were used with typical dimensions of 10x4x0.030 
mm.  
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Stress–strain mechanical measurements were carried out at room temperature with a 
TST350 tensile testing set up from Linkam Scientific Instruments at a strain rate of 15 
μm/s. Rectangular samples of the membranes (~1 cm wide and 4 cm long) were cut 
from the original sheet. 
 
2.2.6. Electrochemical impedance spectroscopy 
Impedance spectroscopy was performed with an Autolab PGSTAT-12 (Eco 
Chemie) set up for frequencies between 500 mHz and 65 kHz, using a constant volume 
support equipped with gold blocking electrodes located within a Buchi TO 50 oven. The 
sample temperature variation ranged from 20 to 140 oC and was measured by means of 
a type K thermocouple placed close to the films. The ionic conductivity was measured 




=σ                                                                (6) 
where t  is the thickness, A  is the area of the samples and R  is the bulk resistance 
obtained from the intercept of the imaginary impedance (minimum value of Z’’) 
with the slanted line in the real impedance (Z’). The tortuosity (τ), the ratio between 
the effective capillarity to thickness of the sample, was determined by [12]: 
20 τ
φσσ =eff                    (7) 
where σ0 is the conductivity of the liquid electrolyte, σeff is the conductivity of the 
membrane and the electrolyte set and φ is the porosity of the membrane.  
The MacMullin number, NM, describes the relative contribution of a separator to cell 
resistance and is defined by [13]: 
eff
MN σ
σ 0=                           (8)       
where σeff is the conductivity of the membrane and liquid electrolyte pair and σ0 is the 
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2.2.7. Cycle voltammetry 
Evaluation of the electrochemical stability of the polymer electrolytes was carried out 
within a dry argon-filled glovebox using a two-electrode cell configuration with a gold 
microelectrode as working electrode. The preparation of the 25 µm diameter gold 
microelectrode surface by a conventional polishing routine was completed outside the 
glovebox. The microelectrode was then washed with Tetrahydrofuran (THF), dried with 
a hot-air blower and transferred into the glovebox. Cell assembly was initiated by 
locating a freshly-cleaned lithium disk counter electrode (10 mm diameter, 1mm thick, 
Aldrich, 99.9% purity) on a stainless steel current collector. A thin-film sample of the 
electrolyte was centered over the counter electrode and the cell assembly completed by 
placing a microelectrode in the centre of the sample disk. The assembly was held 
together firmly with a clamp and electrical contacts were made to an Autolab PGSTAT-
12 (Eco Chemie) apparatus used to record voltammograms at a scan rate of 100 mVs-1. 
Measurements were conducted at room temperature within a Faraday cage located 
inside the glovebox. 
From the voltammograms, the diffusion coefficient of the electroactive species (D) 








p CvADn)10(2.69i ×=                            (9) 
where ip is the oxidative peak current, n is the number of ionic charges involved in 
the electrode reaction, A is the electrode area, v is the potential scan rate and C0 is 
the concentration of the electroactive species.  
 
2.2.8. Charge – discharge battery performance 
The cycling performance of the Li/LiFePO4 and Li/Sn-C half-cells was carried out 
using a multichannel Maccor 4000 battery tester at room temperature. The 
(galvanostatic) measurements were performed within the 2.0-4.0 V (cathode half-cells) 
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3. Effect of the degree of porosity in the properties of 
P(VDF-TrFE) battery separators 
 
This chapter describes the effect of the porosity on the main characteristics of P(VDF–
TrFE) membranes for Li-ion separators. The thermal, mechanical and electrical 
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3.1.Samples 
The samples used in this chapter were prepared from P(VDF-TrFE)/DMF volume 
fractions of 5/95, 10/90 and 15/85 at room temperature following the experimental 
procedure described in the chapter 2.  The samples P(VDF–TrFE)/DMF exhibit degrees 
of porosity of 80%, 76% and 72%, respectively. The electrolyte solution used is 1M 
LiClO4 in PC. 
3.2. Results and discussion 
3.2.1. Polymer phase and microstructural characteristics 
The porous membranes were prepared by the solvent-cast method at room 
temperature from a homogeneous solution in dimethyformamide with different relative 
polymer/solvent concentrations in order to produce different membranes morphologies 
[1, 2]. The effect of polymer – solvent interaction as a function of temperature and 
polymer concentration has been previously studied [1-3] and has been determined that 
polymer/solvent interactions (i.e, the evaporation of the solvent and the crystallization 
temperature) determine the final microstructure and properties of separators. 
The membranes selected for the present investigation were prepared from P(VDF-
TrFE)/DMF volume fractions of  5/95, 10/90 and 15/85 at room temperature. All 
samples show a thickness between 150 to 250 μm, mean pore size around 16±9µm and 
mean pore size around 9±3µm of membrane with higher and lower porosity, 
respectively (Figure 3.1) [4].  
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Figure 3.1 - Microstructure of the P(VDF-TrFE) membranes crystallized at room 
temperature. Surface characteristics of the samples with 72 % (a) and 80 % (b) porosity 
and cross-section details, respectively in (c) and (d). Insets in the figure (c) and (d) 
exhibits pore size distribution of the separators. The membranes were obtained from 
15/85 and 5/95 polymer/solvent ratios, respectively.  
 
The variation of the initial polymer concentration in the polymer/solvent solution 
allows obtaining porous membranes with same shape of pores but with different pore 
size and degree of porosity between 70 and 80%. 
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Figure 3.2 - Degree of porosity and 1M LiClO4-PC solution uptake for membranes 
prepared from a solution with different initial polymer/solvent concentrations 
 
Figure 3.2 shows the degree of porosity and corresponding uptake when the 
membrane is immersed for 24 h into a 1M LiClO4-PC solution as a function of the 
relative polymer mass concentration in the solution. The increase of initial relative 
polymer mass concentration results in a decrease in the degree of porosity and therefore 
in the uptake of the 1M LiClO4-PC solution, the uptake ranging from 250 to 600% from 
the samples with lower to higher degree of porosity. It is no notice the fact that as 
increase of about 10% in the degree of porosity induces a much larger increase in the 
uptake of about 350% (Figure 3.2). The reason is due the difference of the pore size 
distribution of the samples. The membrane with higher porosity present the pore size 
higher, i.e., has higher superficial area that results in the higher uptake of the electrolyte 
solution. 
The membranes that were produced from P(VDF-TrFE)/DMF volume fractions of  
5/95, 10/90 and 15/85 exhibit respectively 80%, 76% and 72% of porosity. 
 
Explanation for this effect was investigated by the evaluation of the interaction 
between the polymer and lithium ions in the liquid electrolyte solution by FTIR (Table 
1). 
 
The characteristic infrared bands of LiClO4, propylene carbonate (PC) and P(VDF-
TrFE) and their assignment are given in Table 3.1.  
3. Effect of the degree of porosity in the properties of P(VDF-TrFE) 
battery separators 
  62 
 
Table 3.1 – Vibration modes characteristics of the different materials present during the 
uptake experiments [5, 6]. 
 
 
The infrared spectra of the samples with different porosity both before and after 
immersion in the electrolyte solution are shown in figure 3.3.  

















Wavenumber (cm-1)  
Figure 3.3 - Infrared Spectra for the porous P(VDF-TrFE) membranes with different 
initial polymer concentration before and after uptake from the electrolyte solution. 
 
Wavenumber 
(cm-1) Material Vibrational mode 
712 PC symmetric ring deformation 
777 PC ring deformation 
851 P(VDF-TrFE) symmetric stretching (CF2) or rocking (CF2) 
886 P(VDF-TrFE) rocking (CF2) or symmetric stretching (CF2) 
933 LiClO4 
Symmetric stretching mode, ion association in 
solution 
944 LiClO4 Contact ion pairs (Li+ClO4-) 
1120 PC C7-H wag + C4-H bending 
1291 P(VDF-TrFE) symmetric stretching (CC) 
1345 P(VDF-TrFE) symmetric stretching (CC) in TG+TG- segment 
1355 PC C7-H bending 
1402 P(VDF-TrFE) wagging (CH2) 
1428 P(VDF-TrFE) bending (CH2) 
1453 P(VDF-TrFE) bending (CH2) in TG+TG- defect 
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The characteristic vibration modes (851 cm-1, 886 cm-1 and 1402 cm-1) of the all-
trans conformation of the polymer do not change for different porosity, indicating that 
the polymer crystallizes in the same phase [7]. Further, the presence of the electrolyte 
also does not modify the vibration modes characteristic of the polymer, i.e., no 
degradation or phase transformation occurs.  
In the infrared spectra with electrolyte solution, the uptake is confirmed by the two 
strong bands related to the presence of propylene carbonate (712 cm-1 and 777 cm-1), as 
well as the two vibration modes at 933 cm-1 and 1150 cm-1, identified by symmetric 
stretching band and asymmetric bending band, respectively of ClO4- [8]. Finally, in the 
region between 900 cm-1 at 1200 cm-1, it is observed the ion association of perchlorates, 
i.e, the propylene carbonate-ion interactions that depends of the salt concentration [5, 8]. 
 
3.2.2. Thermal and mechanical properties 
The evaluation of the thermal and mechanical properties of the porous membranes is 
very important for the determination of the performance of the separator in the range of 
temperatures in which the battery must be stable.  
The TGA results for the porous membranes and their corresponding degradation 
temperature, defined as the temperature associated to the initiation of sample main 
weight loss, as a function of porosity are shown in figure 3.4. 


































P(VDF-TrFE) porosity / %
 
Figure 3.4 - (a): TGA curves for porous membranes with different initial polymer 
concentration and (b): degradation temperature as a function of initial polymer 
concentration 
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Figure 3.4 a show that all samples are characterized by an accentuated weight loss 
of almost 80%, above 500 oC due to the main degradation process of the polymer. The 
process occurs in one stage up to ~ 600 oC and slowly continues as the temperature is 
increased up to 700 ºC. The remaining residue of ~20% in mass is retained for higher 
temperatures [9]. In the sample with higher porosity a small weight loss was found at 
temperatures of ~340 ºC. This weight loss of ~4% has to be attributed to trapped solvent 
within the polymer structure, as it is not characteristic of the polymer phase [9].  
Decreasing initial DMF solvent concentration stabilizes the polymer network as 
the thermal degradation shifts to higher temperatures, which is in agreement to the fact 
of the observation of the initial weight loss at lower temperatures of the samples with 
higher porosity and with previous results indicating that the degradation temperature of 
copolymers depends of the DMF concentration, due to the vaporization of DMF[10].  
The activation process of the degradation process was calculated using the Broido 
method (equation 4, chapter 2), which is valid for first order reactions in dynamical 
thermogravimetric measurements [11].  
A plot of ln(-ln(1-α)) vs 1/T (Figure 3.5) allows the evaluation of the activation 
energy of the process, Ea. 
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Figure 3.5 - Ln(-Ln(1-α)) vs 1000/T for porous membranes without electrolyte solution. 
 
The obtained activation energy is represented in table 3.2 for each of the porous 
membranes. 
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As expected, the initial polymer concentration in the polymer/solution fraction 
does not change strongly the activation energy for the degradation process, as the initial 
solvent concentration does not changes the degradation mechanism of the polymer, 
inducing just small variations on the activation energy for larger initial DMF 
concentrations [10].  
Figure 3.6 shows the TGA curves for the porous membranes after electrolyte uptake 
from the solution. The derivative of the TGA curves (DTG) is also represented as an 
inset. Three degradation steps are identified defined by the three materials that compose 
the porous membranes with electrolyte solution. 











































Figure 3.6 - TGA curves for the porous membranes with electrolyte solution. Insert: 
corresponding DTG curves. 
 
The first step between 100ºC at 200ºC corresponds to the evaporation of the 
propylene carbonate (PC) [12], the second step between 300 ºC at 400 ºC is due to the 
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degradation of lithium ion (LiClO4) [13] and the final step corresponds to the 
degradation of P(VDF-TrFE) [9]. 
The degradation temperature of the polymer after uptake of the electrolyte solution 
is the same as without electrolyte solution (Figures 3.5 and 3.6), i.e., the electrolyte 
solution does not affect the thermal stability of the polymer. 
Figure 3.7 shows the DSC thermograms for the porous membranes without 
electrolyte solution. Two endothermic peaks are identified where the first peak 
corresponds to the ferroelectic-paraelectric phase transition, identified by Tfp, and the 
second peak represents the melting temperature, Tm [9].  




















Figure 3.7 - DSC scans obtained for the porous membranes without electrolyte 
solution. 
 
The degree of crystallinity (ΔXcryst) was calculated applying equation 5, chapter 2. 
The ferroelectric-paraelectric transition temperature Tfp ~ 117 ºC; the melting 
temperature, Tm ~ 145 ºC and the degree of crystallinity, ΔXcryst ~ 28%, calculated 
applying equation 5, chapter 2, are the same for the three membranes, being therefore 
independent of the initial polymer/solvent ratio.  
The DSC results of the porous membranes after uptake of the electrolyte solution 
are represented in the figure 3.8.  
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Figure 3.8 - DSC scans obtained for the porous membranes after uptake of the 
electrolyte solution. 
 
In this case, the two endothermic peaks characteristics of the polymer are not 
observed. On the other hand, the DSC scan is characterized by a small endothermic 
peak around 50ºC and an exothermic peak around 140ºC.  
The small endothermic peak has been previously related to the β’-relaxation of the 
amorphous phase of polymer and attributed to the fold-chain segment of polymer on the 
surface of crystalline phase [14, 15].  
By adding electrolyte solution in the porous membranes, the effect of PC is mostly 
on the surface of the crystalline phase of the membranes, leading to the collapse of some 
crystallites of P(VDF-TrFE) and resulting in expansion of the surface area of the 
P(VDF-TrFE) crystalline phase [14].  Further, the Lithium ion has also a larger effect 
on the amorphous region of the polymer, resulting in interactions among PC, LiClO4 
and the amorphous region of P(VDF-TrFE) [14]. 
It is also observed that the exothermic peak of the DSC scans with electrolyte 
solution are dominated by the evaporation of the PC (figure 3.6, TGA result), which 
involves larger energies than any other effect at that temperature region.  
The mechanical properties of the samples were obtained by dynamic mechanical 
analysis (DMA) through the measurement of the storage modulus E’, related to the 
elastic properties of sample, and tan δ, related to the viscous properties, i.e. the ratio 
between lost and stored energy [16].  
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The storage modulus (E’) and tan δ vs frequency for the porous membranes is 
shown in fig. 3.9 (a) and (b), respectively. 
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Figure 3.9 - DMA curves for (a): storage modulus, E’ vs. log (ν) for porous membranes 
without electrolyte solution, (b): tan δ vs. log (ν) for porous membranes without 
electrolyte solution. 
 
Fig. 3.9 (a) shows that increasing initial polymer concentration in the 
polymer/solvent ratio significantly increases the storage modulus of porous membranes 
in all frequency range. This behavior can be explained by the difference in the porosity 
of the membranes, as illustrated by the lower storage modulus of 5/95 (larger degree of 
porosity) as compared to 10/90 and 15/85. Tan δ does not show, on the other hand, 
significant variations as a function of the porosity. In all cases, E’ increases and tan δ 
decreases as a function of frequency due the slow time response of the polymer [17]. 
The storage modulus, E’ and tan δ as a function of porosity for membranes with and 
without electrolyte solution are represented in figure 3.10. 
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Figure 3.10 - Storage modulus, E’ and tan δ in function of porosity for all membranes 
with and without electrolyte solution. 
 
As a general trend, uptake of the electrolyte solution decreases both E’ and tan δ 
values. The incorporation of the non-volatile electrolyte solution at room temperature 
within the membranes interacts with the polymer amorphous phase and increases the 
ratio of the amorphous phase through the incorporation of the PC [14] decreasing 
therefore the mechanical properties of porous membranes in comparison with porous 
membranes without electrolyte solution. 
 
3.2.3. Electrical results 
One of the main parameters of a porous membrane for battery separator applications 
is the ionic conductivity. The ionic conductivity was determined using impedance 
spectroscopy.  
In figure 3.11 (a), the temperature dependence of the ionic conductivity of the 
porous membranes is shown and, by increasing initial polymer concentration in the 
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Figure 3.11 - Log (σ) vs 1000/T for all samples (a): without electrolyte solution, (b): 
with electrolyte solution 
 
These variations have to be ascribed to interfacial effects [18] due to the different 
degree of porosity and, in particular, to the solvent trapped within the membranes which 
is higher for the membranes prepared from higher porosity, as observed by TGA 
(Figure 3.4).   
The porosity of the separator and the uptake are the factors determining the final 
conductivity of the separators, the pores having to be completely filled by the electrolyte 
solution [19].  Without electrolyte solution, the ionic conductivity of the polymer is 
strongly affected by the temperature variation due to increased mobility of polymer 
charges [20]. The porosity and pore shape influencing also the ionic conductivity of the 
membranes [18].  The electrolyte solution strongly (figure 3.11 b) influences both the 
value of the ionic conductivity and its temperature dependence.  Ionic conductivity 
increases as the electrolyte solution increases the mobility and the concentration of the 
ionic charge carriers [21]. The increase of the conductivity is larger for the samples with 
lower porosity and therefore lower uptake, indicative that the conductivity is along the 
polymer and not along the interconnected pores [22]. This fact supports previous results 
from [18, 22, 23], indicating that contributions to the conductivity are coming from the 
amorphous swollen polymer gel phase. Particularly relevant is the strong increase of the 
conductivity at lower temperatures, which allows to obtain polymer membranes with 
stable conductivity along the measured temperature range, in opposition to the strong 
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temperature dependence of the conductivity in the polymer membranes without 
electrolyte (figure 3.11) 
As compared to the commercial Celgard 2400 membranes, the porous membranes 
produced in this work show higher ionic conductivity and thermal stability after uptake 
of the polymer electrolyte. 
The apparent activation energy, Ea, for ions transport can be calculated from the 








Eaexp0σσ                                                    (1) 
where σ  is the ionic conductivity, 0σ , aE , R and T  are the pre-exponential 
factor, the apparent activation energy for ion transport, the gas constant 
(8.314 J.mol−1.K−1) and the temperature, respectively. 
The apparent activation energy, Ea, is presented in table 3.3. 
 
Table 3.3 – Activation energy for the porous membranes with and without electrolyte 
solution 
Samples Without Electrolyte Solution 
Ea(kJ/mol) 
With Electrolyte Solution 
Ea(kJ/mol) 
5/95 151.8 31.4 
10/90 168.0 35.0 
15/85 181.0 18.5 
 
 
The activation energy for porous membranes without electrolyte solution is higher 
compared with electrolyte solution. The lithium ion and PC improve the mobility and 
ionic charge carriers and decreases the activation energy [24]. Whereas the activation 
energy for the polymer membranes before uptake increases with decreasing porosity, 
after uptake, it is lower for the sample with the lowest porosity, indicative of differences 
of the conduction process induced by the presence of the electrolyte [25-27]. 
The electrochemical stability of the membranes was measured by microelectrode 
cyclic voltammetry over the potential range –3.0V to 6.0V. 
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Figure 3.12 - Voltammogram of Celgard 2400 and 15/85 (a): without electrolyte 
solution, (b): with electrolyte solution. 
 
The voltammogram for samples without electrolyte solution (figure 3.12 (a)) shows 
chemical stability, i.e. no reduction or oxidation peak is observed.With electrolyte 
solution (figure 3.12 (b)), the overall stability of porous membranes was excellent, with 
no electrochemical oxidation occurring at anodic potentials less than about 5V versus 
Li/Li+. The differences observed between the porous membranes and the commercial 
Celgard 2400 sample in the voltammogram is related to the different with ionic 
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3.3. Conclusion 
The P(VDF-TrFE) microporous membranes separators for lithium ion battery were 
prepared by the solvent-cast technique. The evaporation temperature of solvent and the 
polymer/solvent ratio determine the membrane structure. The porosity of membranes, 
ranging from 70 to 80%, determines the electrolyte solution uptake, being larger (250% 
vs 600%) for the samples with larger porosity. The membranes are thermally stable 
until 100ºC and show also a good mechanical stability both before and after electrolyte 
uptake. Uptake reduces, nevertheless, the storage modulus of the membranes. 
The ionic conductivity of the membranes is larger for the samples with higher 
degree of porosity and shown a strong temperature dependence. After uptake, the larger 
conductivity is observed for the samples with lower porosity and therefore lower 
uptake. Further, the conductivity after uptake show stable values in the measured 
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4. Processing and characterization of P(VDF-
TrFE)nLiClO4.3H2O composites membranes 
 
This chapter describes the preparation and characterization of Poly[(vinylidene 
fluoride)-co-trifluoroethylene] membranes doped with different lithium perchlorate 
trihydrate contents. The samples were prepared by solvent evaporation at different 
temperatures in order to tailor membrane morphology. Infrared spectroscopies, thermal, 




This chapter is based on the following publication:  
“Effect of the microsctructure and lithium-ion content in poly[(vinylidene fluoride)-
co-trifluoroethylene]/lithium perchlorate trihydrate composite membranes for battery 
applications”, C. M. Costa, L. C. Rodrigues, V. Sencadas, M. M. Silva, S. Lanceros-
Méndez, Solid State Ionics 217 (2012) 19-26 
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4.1. Samples 
Samples were identified by P(VDF-TrFE)nLiClO4.3H2O, where n is 1.5 ≤ n ≤ 15. 
The samples were prepared from solvent casting at two solvent evaporation 
temperatures: room temperature and 210 ºC. 
4.2. Results and discussions 
4.2.1. Separator membrane morphology  
The morphology of the composite separators crystallized at different temperatures is 
presented in figure 4.1.  
 
Figure 4.1 – Separator microstructure evolution for the different evaporation 
temperatures: a), c) and e) crystallized at 210ºC for n=1.5, n=3 and n=15, respectively 
and b), d) and f) crystallized at room temperature for n=1.5, n=3 and n=15, respectively. 
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It was found that even the composite samples where evaporation of the solvent 
occurred at 210 ºC present porosity, which is an uncommon behavior for the pure 
polymer membrane subject to same preparation process [1]. The inclusion of lithium 
ions into the polymeric matrix give origin to different composite patterns, depending of 
the filler amount present in the samples. For higher lithium ions present in the 
composite separator, the polymer crystallizes in the characteristic spherulite structure 
with the filler randomly dispersed into the polymeric matrix. It was observed a phase 
separation between the matrix and the filler for the P(VDF-TrFE)nLiClO4.3H2O, with 
n=3 composite (Figure 4.1.c). The sample with lower amounts of lithium ions (n=1.5) 
presents small cavities non-interconnected between them and with some lithium ions 
inside. On the other hand, samples were solvent evaporation occurred at room 
temperature shows the characteristic porous structure, where spherical pores are shown 
with diameters around 100 μm, for the P(VDF-TrFE)nLiClO4.3H2O separators with n 
=1.5 and 15 (figure 4.1b and f). It was also noted that pore wall are formed by adhered 
microspheres with diameter around 4 μm. The pores interconnectivity results from the 
spaces between the polymer microspheres that form the pore wall, while larger pore 
throats appear due to some defects in the structure [1-3]. For pure (PVDF-TrFE) the 
mechanism of polymer/solvent evaporation was explained has being a liquid/liquid 
spidonal decomposition followed by polymer crystallization [1-3]. 
P(VDF-TrFE)nLiClO4.3H2O composite separator with n=3 showed porous around 1-
2 μm and polymer microspheres of approximately same dimension. In this sample, the 
obtained microstructure is very similar to the one found for the pure homopolymer in 
the β-crystalline phase, obtained by solvent evaporation at room temperature [4]. In the 
case of porous structures, the lithium ions seem to have a randomly dispersion among 
the polymeric matrix, free of agglomerates or filler clusters, a very common result for 
the samples obtained by crystallization at 210ºC. 
Different morphologies obtained for the polymer electrolyte (Figure 4.1) suggests 
that the microstructure of the P(VDF-TrFE)nLiClO4.3H2O separators may be tailored by 
modulating experimental factors such as the polymer/solvent fraction in the solvent-
cast, different amount of lithium ions and the crystallization temperature. 
Porosity is one the most parameters for polymer electrolyte applications should be 
carefully monitored. The porosity present in each composite separator membrane was 
calculated according to the pycnometer method describe elsewhere [1]. In Figure 4.2 is 
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represented the evolution of the porosity for the separators obtained at different 
crystallization temperatures and with different lithium ions concentrations. 



















Figure 4.2 – Evolution of porosity in function of lithium ions amount for both 
crystallization temperatures. 
 
The Figure 4.2 show, for the samples crystallized at room temperature that the 
porosity decreases with the decrease of the lithium ions present in the matrix from 72 % 
until a minimum of 50%. Moreover, for the samples crystallized at 210 ºC, the samples 
with no lithium ions has no porosity present in the membrane, but with the inclusion of 
the LiClO4.3H2O, a maximum of porosity was found around 55 % for the maximum 
amount of lithium ions present in the composite separator (n=1.5) and a decrease of 
porosity to approximately 39 % occur for the samples with n=3 and 15. The porosity of 
the prepared membranes by solvent evaporation at room temperature is quit higher than 
the porosity found for the commercial Celgard® 2400 that ranges between 30 and 40 %, 
but for the samples obtained by solvent evaporation at 210 ªC, the value of porosity is in 
the range of the Celgard® 2400 membranes, being the microstructure formed by dense 
porous similar to the commercial ones [5]. 
The obtained results suggests that the inclusion of LiClO4.3H2O into the P(VDF-
TrFE) matrix have influence in polymer matrix crystallization kinetics. 
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P(VDF-TrFE) copolymer is a semicrystalline polymer, and commonly crystallizes 
in the electroactive phase and such presence can be identified by infrared spectroscopy, 
mainly through the characteristic absorption band at 840 cm-1.  












































Figure 4.3 – Infrared Spectrum for samples with different lithium ions amount and 
crystallized at room temperature: a) Infrared Spectrum between 650 cm-1 and 2000 cm-1; 
b) Infrared Spectrum between 3000 cm-1 and 4000 cm-1. 
 
In Figure 4.3 a is presented the infrared spectrum for the samples P(VDF-
TrFE)nLiClO4.3H2O composite separators crystallized at different temperatures and 
with several amounts of lithium ions. It was detected the presence of vibrational modes 
at 840, 880, 1170, 1282 and 1402 cm-1 of P(VDF-TrFE), assigned to symmetric 
stretching or rocking modes of CF2, asymmetric stretching mode of CF2, symmetric 
stretching mode of CC and wagging CH2, respectively [6, 7]. The obtained results show 
that the crystallization temperature and the inclusion of lithium ions into the polymer 
matrix do not have influence on the crystalline phase of P(VDF-TrFE) matrix. 
In the infrared spectrum for the LiClO4.3H2O two main vibrational modes are 
observed, one at 1060 cm-1 and the other at 1625 cm-1, assigned to Cl-O asymmetric 
stretching band (ν3(ClO4-)) and O-H bending (H2O), respectively [8]. Moreover, the 
characteristics absorption bands for the O-H stretching vibration modes are observed at 
3527 cm-1 and 3568 cm-1 defined by [9], and their intensity are correlated to the amount 
of lithium ions present in the membrane separators (figure 4.3b). One big absorption 
band between 3200 and 3500 cm-1 attributed of O-H stretching is observed, and 
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generally is attributed to an ice-like component at 3230 cm-1 and an ice-like liquid 
component at 3420 cm-1 [8, 9].  
The infrared spectrum for the samples in that solvent was evaporated at 210 ºC is 
the same that was obtained for the samples where the solvent evaporating was room 
temperature.  
 
4.2.2. Thermal behavior 
DSC thermographs for the P(VDF-TrFE)nLiClO4.3H2O composite separators shows 
up to three endothermic peaks for the polymer electrolyte samples (Figure 4.4).  
Figure 4.4 – DSC curves for samples with different lithium ions amount: a) samples 
crystallized at 210 ºC and b) room temperature.  
 
Multiple DSC peak structures are typical in composite materials due to the interface 
effects and ill crystallized parts of the samples that melt at different temperatures than 
the main polymer body [10]. In the present composite samples, two peaks are observed 
for the polymeric matrix: the one that occurs at ~ 125 ºC, corresponds to the 
ferroelectric-paraelectric transition (FE-PE, Curie transition). The higher DSC 
endotherm corresponds to the melting of the paraelectric phase and it is located at 
ca.150 ºC. It can be observed that the solvent evaporation at 210 ºC and posterior 
crystallization at room temperature does not affect the melting behavior and thermal 
stability of the P(VDF-TrFE), but a slight increase of temperature was observed with 
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the decrease of lithium ions present in the P(VDF-TrFE)nLiClO4.3H2O separator 
composites (Figure 4.4a). A strong endothermic peak was observed for the lithium ions 
and is related to the water evaporation that is a constituent part of the LiClO4.3H2O, and 
occurs at ~100 ºC, and an enthalpy of 313 J/g was found. The H2O evaporation was 
clearly observed for the samples with higher amounts of lithium ions, and decrease with 
the decrease of LiClO4.3H2O present in the composite separators (Figure 4.4a). 
For the samples where the solvent was removed at room temperature, same behavior 
was observed in terms of the thermal stability for the polymer matrix, being the melting 
temperature of the P(VDF-TrFE) practically unchanged with the inclusion of the lithium 
ions (Figure 4.4b). The FE-PE transition of the polymeric matrix occurs at ~117 ºC for 
all composite samples and pure polymer, which shows that the filler does not change the 
nature of the polymer Curie transition (Figure 4.4b). Moreover, the strong endothermic 
peak was observed for the lithium ions related to the water evaporation of the 
LiClO4.3H2O that occurred at ~100 ºC, and an enthalpy of 313 J/g was calculated 
(Figure 4.4b). 
The FE-PE transition does not depend on lithium ion content amount but is altered 
by the crystallization temperature. This fact can be related to a decrease in the gauche 
defect density in the molecular chains, i.e., a decrease in the number of gauche defects 
which have been introduced in all-trans chains on cooling from the hexagonal phase to 
the orthorhombic phase [11]. 
The degree of crystallinity of the samples determined by equation 5 (chapter 2), 
decreases with increasing lithium ions content independently of the crystallization 
temperature. For samples crystallized at room temperature, the degree of crystallinity is 
~28% without lithium ion content but decreases to 14% with n=1.5 lithium-ion content. 
This occurrence shows that the lithium ions disturbs the structure packing of 
macromolecular chains, increasing its distance that resulting in an increase of 
amorphous region. 
The interaction of the inorganic filler and the polymer can be explored by its effect 
in the polymer thermal degradation, which was measured by thermal-gravimetric 
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Figure 4.5 – TGA thermograms for the P(VDF-TrFE)nLiClO4.3H2O composite 




P(VDF-TrFE) shows a single step degradation process with a Tonset at ~500 ºC. On 
the other hand, LiClO4.3H2O shows the water evaporation process that starts around 
100 ºC and the degradation of the lithium salts occurs also at ~500 ºC (Figure 4.5). The 
incorporation of lithium salts promotes a decrease of stability on both set of samples. 
Up to three degradation processes were observed for the polymer electrolyte separators. 
The one at lower temperature is due to the water evaporation process, which is more 
visible for the samples with higher LiClO4.3H2O content with a mass reduction of ~30 
%. The second process is due to the decomposition of the lithium ions, and it was 
observed that an increase of the filler in the polymer electrolyte corresponds to a 
decrease of the thermal stability of the separator. It was observed that the decomposition 
of the lithium ions decrease with the increase of the filler in the P(VDF-TrFE) 
membrane separator. Same behavior was observed for the polymeric matrix. The 
sample with lower LiClO4.3H2O content (n=15), shows a degradation pattern similar to 
the polymer matrix, which is related to the small amount of lithium ions compared to 
the polymer matrix (Figure 4.5).  
The residual mass found for all composite samples are quite similar to the one 
observed for the polymer matrix at the end of the measurement (800 ºC) for the samples 
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where the solvent evaporated at room temperature, but for the samples where the 
solvent evaporation occurred at 210 ºC and posterior crystallization at room 
temperature, the residual mass at 800 ºC is higher for the samples with less lithium ions 
and a reduction of residual mass was observed with the increase of the filler content in 






4.2.3. Separators mechanical performance 
The mechanical characteristics of polymer electrolyte will influence the material 
performance for membrane separators applications. Dynamical mechanical analysis 
(DMA) measurements were achieved at room temperature for all the P(VDF-
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Figure 4.6 – Storage modulus for the E’ P(VDF-TrFE)nLiClO4.3H2O composite 
separators:  a)  solvent evaporation at 210 ºC, b) solvent evaporation at room 
temperature and tan δ for P(VDF-TrFE)nLiClO4.3H2O composite separators:  c)  solvent 
evaporation at 210 ºC, d) solvent evaporation at room temperature. 
 
For the samples were the solvent evaporation occurred at 210 ºC and posterior 
crystallization at room temperature, an increase of the storage modulus of the membrane 
separator was observed that for lower amounts of lithium ions present in the sample, 
which suggest that the lithium salts somehow influence the polymer crystallization, and 
is in good accordance to the results observed in Figure 4.1 and 4.2, was showed that the 
filler present in the sample change the polymer crystallization kinetics (figure 4.6a). 
Moreover, the increase of LiClO4.3H2O present in the sample gives origin to a reduction 
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of the storage modulus, when compared to the polymer matrix. The incorporation of 
lithium salts into the P(VDF-TrFE) gives origin to a porous structure with maximum  
for n=1.5, where the found porosity was 55 %  (Figure 4.2) and a microstructure is 
composed by a random distribution of the filler among the polymeric matrix (Figure 
4.1a). Although, the sample with n=3 present the lowest storage modulus. This effect is 
related to a competition between the porosity present in the material and the formation 
of lithium ions clusters (Figure 4.1c) among the polymeric matrix, hindering the crystal 
reorganization when a stress is applied. Further, due to the lower interaction strength 
between the cluster and the P(VDF-TrFE), some debonding and sliding of the lithium 
clusters probably occurs (Figure 4.6a).  
The P(VDF-TrFE)nLiClO4.3H2O sample obtained from solvent evaporation at room 
temperature with n=1.5 present a decrease of the storage modulus when compared to the 
polymer matrix, which can be due to the high porosity (Figure 4.2) of sample membrane 
and to the lower interaction strength between the cluster and the P(VDF-TrFE) that 
promote some debonding and sliding of the lithium clusters (Figure 4.2).  
The storage modulus increase with the decrease of the LiClO4.3H2O content present 
in polymeric electrolyte which can be due to the decrease of the porosity, giving origin 




4.2.4. Ionic conductivity and cycle performance of batteries 
One of the main parameters of a porous membrane for battery separator applications 
is the ionic conductivity. The ionic conductivity was determined using impedance 
spectroscopy.  
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Figure 4.7 – Log (σ) vs 1000/T in function for all sample: a) solvent evaporation at 210 
ºC, and b) solvent evaporation at room temperature. 
 
In Figure 4.7, the temperature dependence of the ionic conductivity of the porous 
membranes is shown and, by increasing the LiClO4.3H2O concentration in the polymer 
electrolyte, an increase of the ionic conductivity is observed. These variations have to 
be ascribed to interfacial effects [12] due to the different degree of porosity and, in 
particular amount of lithium ions trapped within the separators membranes which is 
higher for the P(VDF-TrFE)nLiClO4.3H2O membranes prepared with n=1.5.   
The porosity of the separator and the amount of LiClO4.3H2O are the factors 
determining the final conductivity of the separators. Without lithium ions, the ionic 
conductivity of the polymer is strongly affected by temperature variation due to 
increased mobility of polymer ions [13]. Further, the porosity and pore shape also 
influence the ionic conductivity of the membranes [12].   
The LiClO4.3H2O salts (Figure 4.7) strongly influences both the value of the ionic 
conductivity and its temperature dependence.  Ionic conductivity increases as the 
electrolyte increases the mobility and the concentration of the ionic charge carriers [14]. 
The increase of the conductivity is greater for the samples with higher LiClO4.3H2O 
electrolyte and is higher for the P(VDF-TrFE)nLiClO4.3H2O sample obtained by solvent 
evaporation at room temperature with n=1.5 which indicates that along the polymer 
plays an important role in the connectivity along with the sample morphology and 
lithium ions distribution observed through by SEM images (Figure 4.1). This 
observations supports previous results from [12, 15, 16], indicating that contributions to 
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the conductivity are coming from the amorphous swollen polymer gel phase. 
Particularly relevant is the strong increase of the conductivity at lower temperatures, 
which allows obtaining polymer membranes with stable conductivity along the 
measured temperature range, in opposition to the strong temperature dependence of the 
conductivity in the polymer membranes without electrolyte (Figure 4.8). The 
dependence of ionic conductivity in the temperature and the lithium ions content can be 
rationalized by the free volume model [17]. As the mechanism of ionic transport is 
depends on the flexibility of the polymer chain, components that increase free volume 
may be expected to have a beneficial influence on conductivity.  

























Figure 4.8 – Log (Ionic conductivity) in function of lithium ion for various 
temperatures. 
 
As shown in Figure 4.8, independently of the evaporation temperature, for higher 
lithium ion content, the diffusion of ions results in a rapid decrease in resistance as it 
provides sufficient ion-conducting phase to enhance electrical conductivity. The 
temperature and lithium ions content leads to an increase in ion mobility and polymer 
segmental mobility that will support ion transport in the electrolytes [18]. 
The apparent activation energy, Ea, for ions transport has been calculated from the 
Arrhenius equation (eq. 1, chapter 3) and is summarized in Table 4.1. 
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210 ºC kJ/mol Room Temperature kJ/mol 
n=0 143.0 n=0 181.0 
n=1.5 57.4 n=1.5 102.0 
n=3 68.6 n=3 87.0 
n=15 91.0 n=15 105.0 
 
The activation energy for porous membranes without LiClO4.3H2O electrolyte 
solution is higher compared with electrolyte solution. The lithium ion contents promote 
the number and mobility of ionic charge carriers and decreases the activation energy 
[15]. Whereas the activation energy for the polymer decreases with increasing 
LiClO4.3H2O electrolyte present in the membranes separators, it was observed that the 
solvent evaporation temperature also influences the activation energy behavior. Higher 
values of the citation energy were found for the samples with the same LiClO4.3H2O 
electrolyte concentration obtained by solvent evaporation at room temperature, i.e. 
when the degree of porosity is lower. 
The electrochemical stability of the membranes was measured by microelectrode 
cyclic voltammetry over the potential range –3.0V to 6.0V.  






















Figure 4.9 – Cycle Voltammogram of P(VDF-TrFE)nLiClO4.3H2O composite 
separators with n=1: a) solvent evaporation at 210 ºC, and b) solvent evaporation  at 
room temperature.  
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The voltammogram for samples where the solvent evaporation occurred at 210 ºC 
and posterior crystallization at room temperature (figure 4.9a) shows good 
electrochemical stability, with an electrochemical oxidation peak around at -0.8 V and 
for anodic potentials higher than 5.0V versus Li/Li+ (Figure 4.9b). Further, for the 
samples, where the solvent evaporation occurred at room temperature, several 
electrochemical oxidation peaks can be observed (Figure 4.9b) between 0.0 and 5.0V 





Composites membranes based P(VDF-TrFE) with Lithium perchlorate trihydrat 
(LiClO4.3H2O) has been produced by solvent-cast techniques at different evaporation 
temperatures. The evaporation temperature not changes the polymer phase but affects 
the porosity and pore size of membranes. 
The results of the conductivity measurements have shown that the P(VDF-
TrFE)nLiClO4.3H2O electrolytes may be viable alternatives to others electrolytes. The 
obtained results revealed that the lithium salt concentration influences the ionic 
conductivity of electrolytes and the best values of 2.3×10-6 S/cm at 120ºC were obtained 
for P(VDF-TrFE)1.5LiClO4.3H2O sample obtained by solvent evaporation at room 
temperature (Ea = 57.4 KJ.mol-1). In addition, the thermal and electrochemical stability 
of the P(VDF-TrFE)nLiClO4.3H2O are sufficient to justify further studies to develop 
attractive electrolyte components. The overall stability of the electrolyte is good with no 
electrochemical oxidation occurring at potentials less than 3.0 V. This result confirms 
that the electrolyte system has adequate electrochemical stability for application in 
practical primary and secondary cells. The results of DSC and TGA analysis are 
consistent with a minimum thermal stability of about 100 ºC for the P(VDF-
TrFE)1.5LiClO4.3H2O electrolyte composition, a value considered acceptable for 
applications under normal operating conditions. The results show a clear decrease in 
thermal stability with increasing salt concentration, confirming that the salt has a 
destabilizing influence on the matrix host. 
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5. Main processing parameters influencing the 
performance of P(VDF-TrFE) as battery separators 
 
This chapter describes the main parameters affecting P(VDF-TrFE) membrane separator 
performance such as porosity, dehydration of lithium ions and processing technique (Li-
ion uptake versus composite preparation) .  
 
 
This chapter is based on the following publication:  
“Evaluation of the main processing parameters influencing the performance of 
poly(vinylidene fluoride-trifluoroethylene) lithium-ion battery separators”, C. M. Costa, 
V. Sencadas, J. G. Rocha, M. M. Silva, S. Lanceros-Méndez, J. Solid State Electrochem 
17 (2013) 861-870 
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5.1. Samples 
Table 5.1 shows the different membranes produced and the value of the porosity and 
uptake for each sample.  
 
 
Table 5.1 - Microstructure, electrolyte solution, porosity and lithium ions uptake for the 
P(VDF -TrFE) membranes. 
Sample Microstructure Type Electrolyte Solution Porosity (%) Uptake (%) 
P(VDF-TrFE) Porous 1 M LiClO4 72 255 
P(VDF-TrFE) Non Porous 1 M LiClO4 0 0 
P(VDF-TrFE) Porous 1 M LiClO4.3H2O 72 223 






The microstructure of the samples produced after solvent evaporation at room 
temperature with or without Li-ions reveals a porous structure (Figure 5.1 a and b). A 
small variation of the degree of porosity has been found depending on the lithium 
incorporation. The degree of porosity for the samples without lithium ions is 72% and 
for the P(VDF-TrFE)1.5LiClO4.3H2O composite samples 67%, indicating that the 
presence of the Li-ions does not influences significantly the crystallization 
characteristics of the polymer. The samples prepared after solvent evaporation at 210 °C 
shows no porosity, figure 5.1-c). 
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Figure 5.1 - Separator microstructure for the samples prepared after the different 
processing techniques: a) sample without lithium ions crystallized at room temperature, 
b) microstructure of the membrane for lithium ions (n=1.5) crystallized at room 
temperature, c) microstructure of sample crystallized at 210 °C without lithium ions and 
d)Uptake for porous and non-porous samples for the different electrolyte solution. 
 
In this way, the porosity of the membranes can be controlled evaporating the solvent 
at different temperatures (figure 5.1) [1]. The cross-section images for the uptake 
samples are illustrated in the [2] and for the composites samples in [3] where are 
observed the homogeneous distribution of the pore size. The pore size medium is 9 ±3 
μm and the tortuosity value is 115 for the uptake samples that indicate the pores are not 
well connected. Porous and non-porous pure polymer samples were immersed in 1 M 
LiClO4-PC or 1 M LiClO4.3H2O-PC solutions and their initial and final weight was 
measured after 24 h immersion.  
Figure 5.1 d) shows the degree of porosity versus uptake for the different samples. 
The uptake for the non-porous samples is ~10% due to the absorption of the lithium 
ions in the polymer surface (figure 5.1 d)). The porous P(VDF-TrFE) membranes show 
a maximum uptake of ~ 255% for the sample with 72% porosity (figure 5.1 a). 
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Increasing porosity is associated to an increase of the specific surface area and 
consequently higher adsorption of lithium ions leading to an increase of the uptake [2].  
P(VDF-TrFE) is a semicrystalline polymer that crystallizes in the electroactive 
phase that can be identified by infrared spectroscopy through specific absorption bands 
[4, 5]. Figure 5.2 shows the infrared spectrum for the samples (porous and non-porous) 
before and after lithium ions uptake as well as for the P(VDF-TrFE)1.5LiClO4.3H2O 
composite. 
750 900 1050 1200 1350 1500 1650
Composites-n=1.5
Porous, 1M LiClO4.3H2O-PC
















Figure 5.2 - Infrared spectrum for the different samples 
 
 All samples show the characteristic vibrational bands at 840, 880, 1170, 1282 and 
1402 cm-1 of P(VDF-TrFE), assigned to symmetric stretching or rocking modes of CF2, 
asymmetric stretching mode of CF2, symmetric stretching mode of CC and wagging 
CH2, respectively [6], indicating that the polymer crystalline phase is not affect by the 
incorporation of the Li-ions by uptake or by the preparation of the composites: no 
polymer degradation or phase transformation was detected. 
The samples with electrolyte solution, the FTIR spectra also shows the presence of 
two strong bands related to the presence of propylene carbonate at 712 cm-1 and 777 cm-
1 [7]. 
By comparison of the FTIR spectra of the samples with the two different lithium 
ions, in both cases it is possible observe the four vibration modes at 933 cm-1, 1060 cm-
1, 1150 cm-1 and 1625 cm-1, identifying the O-H stretching band, assigned to Cl-O 
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asymmetric stretching band (ν3(ClO4-), asymmetric bending band of ClO4, and O-H 
bending (H2O), respectively [8]. 
Figure 5.2 also shows strong differences between the two processing techniques 
(uptake vs. composite formation) in the region between 900 cm-1 at 1200 cm-1, in the 
ion association of perchlorates. In the aqueous solutions, the interaction between cations 
and perchlorate ions appears, resulting in the symmetry decrease of perchlorate ions. 
This dependence is higher for the uptake technique due to the propylene carbonate-ion 
interactions which is salt concentration dependent [7, 8]. The dimensional stability of 
the different samples was determined through the dynamical mechanical analysis in 
previous work that shown good mechanical properties in function of the uptake by 











One of the key parameters of a membrane for battery separators is its ionic 
conductivity. Figure 5.3 a-c) shows the Nyquist plot for different samples produced 
before and after soaking in different electrolytes solutions and for the composite sample 
and figure 5.3 d) present the Nyquist plot for non-porous membrane soaked with 1 M 
LiClO4-PC as a function of temperature.  
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Figure 5.3 - Nyquist plot for: a-c) P(VDF-TrFE) samples at 50 °C and d) non porous 
membrane with 1 M LiClO4-PC. 
 
In the Nyquist plot represented in  figure 5.3 a-c), three characteristic parts can be 
identified in all cases except for the porous membrane before introducing the electrolyte 
solution: a semicircle located in the high-frequency range that corresponds to the charge 
transfer process (bulk material properties), a transition controlled by the diffusion of 
counter ions inside the electrode, and straight line for lower frequency that is related to 
the diffusion process, i.e. the membrane/electrode interface (figure 5.3) [9, 10].  
The impedance decreases for all membrane with different electrolyte solutions and 
independently of the microstructure and the processing technique in comparison to the 
porous membrane without lithium ions due the increase of the ionic conductivity of the 
membranes ascribed to the presence of the Li ions. The Figures 5.3 a-c) shows this 
impedance behavior of all membranes. 
5. Main processing parameters influencing the performance of 
P(VDF-TrFE) as battery separators 
 
  101 
Despite the samples immersed in both electrolyte solutions showing similar trends, 
Figure 5.3 b) shows that the nature of the lithium ions present in the polymer electrolyte 
membrane influences the diffusion process of the ions in the polymeric matrix, being 
the diffusion coefficient of the 1 M LiClO4.3H2O-PC smaller when compared to the 1 
M LiClO4-PC, figure 5.3 b). The water molecules present in LiClO4.3H2O-PC improve 
the charge transfer, especially at higher frequencies (figure 5.3 c). 
The porous samples with different electrolyte solutions (figure 5.3 b and 5.3 c) after 
uptake show the semi-circle at higher frequencies and the samples behavior is controlled 
by the capacitive response at a broader frequency range which shows that the diffusion 
process of lithium ions in these samples controls the material electrochemical response.  
The difference of the impedance behavior between samples prepared after uptake 
and composite samples is related to the charge transfer process due the solvent used in 
the electrolyte solution that improves the mobility of lithium ions in the amorphous 
phase of the polymer [11] confirmed in the diffusion process presents in the figure 5.3 
b). 
These results show that the polymer microstructure influences the main 
electrochemical mechanism of the lithium cell and that the solvent used in the 
electrolyte solution improves the ions diffusion through the porous membrane.   
The impedance behavior in function of temperature was studied for all samples. It is 
observed that the conductivity increases when increases the temperature. In the figure 
5.3 d) is represented the impedance behavior in function of temperature for non-porous 
membrane with 1 M LiClO4-PC. 
Analyzing of figure 5.3 d), observed that with increase of temperature the semi-circle 
moves to the left by decreasing its value. This behavior was observed for all samples. 
For example, in the non-porous sample with uptake for different temperatures 
(figure 5.3 d), the semi-circle is observed in a broader frequency range, especially at 
lower temperatures, which demonstrates that the charge transfer through polymer is the 
most relevant factor issue in the electrochemical response of samples after uptake. 
The Bode diagram was obtained for all samples at different frequencies and same 
temperature of 50 °C (figure 5.4).  
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Figure 5.4 - a and b) Impedance modulus and c) Phase angle for all samples at 50 °C 
 
It is observed a different frequency dependence for the different samples, which 
proves the influence of the microstructure, the different lithium ions type and the 
processing techniques (uptake vs. composites) on the impedance modulus (figure 5.4). 
All polymer electrolyte separators show a decrease of the impedance modulus with 
increasing frequency figure 5.4a and b).  
For all membranes, the impedance depends on the frequency for lower frequencies, 
but for frequencies above 1 kHz the impedance modulus strongly decreases (figure 5.4a 
and b). 
For membrane with same electrolyte solution, it is possible observe the dependence 
of the frequency domain in the different microstructure. For non-porous microstructure 
observed the major dependence in the high frequency domain. 
In all polymer electrolyte porous separators soaked with the different electrolyte 
solution, the decrease in the modulus of the impedance is due to the lithium ions 
diffusion process, whose motion can be free or eventually restricted by the barriers of 
the cavities and by the polymer swollen regions [12, 13]. 
Uptake porous membrane with electrolyte solution has a quite lower value of the |Z| 
modulus when compared to the composite ones with same lithium ions, which reveals 
that the ion diffusion and mobility is easier for the uptake samples, due of the porosity 
of the membranes. 
Figure 5.4 c) shows that the phase angle depends on microstructure, lithium ions 
type, processing techniques (uptake and composites) and frequency.  
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The phase angle for 104 °C reaches a value close to 60º, indicating capacitive 
behavior between the membrane and electrode interface [14]. This behavior is similar 
for porous and non-porous polymer electrolyte separator with 1 M LiClO4-PC 
Bode plot presents for porous membranes with 1 M LiClO4-PC, a phase angle with 
maximum at -70 °C. For an ideal capacitor, the maximum phase angle should be around 
-90º, but for the samples with 1 M LiClO4.3H2O-PC, a maximum of -70º was reached 
for at temperatures ≤ 50 °C for frequencies below 1 kHz. 
By comparing to the uptake samples with same lithium solution, the composite 
polymeric electrolyte membranes show a behavior very close to an “ideal” capacitor and 





The porous microstructure of the separator membranes is determined, as in the pure 
co-polymer, by the solvent evaporation temperature and does not depend on the lithium 
ions placed in the solution [1, 3]. The microstructure of the membrane will have 
influence in the mechanical and electrochemical properties of the separator membranes 
(figure 5.1) [2]. 
The porosity, adsorption of the different electrolyte solutions and the introduction of 
the salts within the polymer matrix in the preparation of the composite samples do not 
change the crystalline phase of the polymer, as identified by the characteristic 
absorption bands of the polymer at 840 cm-1, indicative of the chain conformations 
corresponding to the polar phase [2, 4] (figure 5.2).  
The electrochemical impedance spectroscopy was analyzed in terms of an 
equivalent electrical circuit. The commonly used equivalent electrical circuit is the 
Randles circuit [15] consisting in electrolyte resistance between working and reference 
electrodes (R1), the double-layer capacitance (C2) and the faradaic impedance: the 
charge-transfer resistance (R2) in parallel of Warburg impedance (Zw) [16] (Figure 5.5). 
 
Figure 5.5 - Illustration of Randles circuit 
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The charge-transfer resistance (R2) in parallel of Warburg impedance (Zw) reflects 
the influence of the mass transport of electroactive species on the total impedance of the 
electrochemical cell [15]. 
The double-layer capacitance (C2) is used to accommodate the non-ideal behavior of 







2                                                           (1) 
where the parameter n represent the nonideal behavior having a value of zero for 
pure resistive behavior and the value of one for capacitive behavior. 
Figure 5.6 shows the simulated Nyquist plot by EIS Spectrum Analyser [18] for 
Randles circuit (figure 5.5) where the charge transfer and diffusion processes are 
observed. The parameters used in the simulation are: R1 = 1x104 Ω, R2 = 4x104 Ω, C2 = 
5 nF, n=1 and Zw = 5000 Ω•s
-0.5.  
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Figure 5.6 - a) Nyquist plot simulated through the Randles circuit. The identification of 
processes was adapted by [15] and b) shows the Nyquist plot for porous membrane with 
1 M LiClO4.3H2O-PC at room temperature (squares) and the line represent the fitting 
with Randles circuit. 
 
From the intercept of the imaginary impedance (minimum value of Z’’) with the 
slanted line in the real impedance (Z’) (figure 5.3) is obtained the bulk resistance, R2 
through of Randles circuit. Then, the ionic conductivity can be determined by 
2RAt ×=σ where t is the thickness and A is the area of the membranes. 
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Figure 5.7 - a) Ionic conductivity as a function of temperature all membrane samples 
and b) parameter n and capacitance for porous membrane with 1 M LiClO4.3H2O-PC. 
 
Figure 5.7 a) shows the ionic conductivity as a function of temperature for all 
membranes and figure 5.7 b) shows the parameter n and capacitance simulated by the 
Randles circuit as a function of temperature for the membrane with the highest ionic 
conductivity: Porous membrane with 1 M LiClO4.3H2O-PC uptake. 
Without lithium ions, the ionic conductivity of the polymer porous membrane is 
strongly affected by temperature variation due to increased mobility of polymer ionic 
charges [19]. Further, the porosity and pore shape also influence the ionic conductivity 
of the membranes [20] due to its influence in the specific surface available for lithium 
ions adsorption and trapping.  
With the inclusion of the lithium ions in the polymeric matrix of all membranes, the 
ionic conductivity increases and also increases with increasing temperature for both 
types of separators. The membrane with higher ionic conductivity is the porous 
membrane with 1 M LiClO4.3H2O-PC.  
This observations supports previous results from [20-22], indicating that 
contributions to the conductivity are coming from the amorphous swollen polymer gel 
phase. 
The incorporation of 1 M LiClO4-PC salts by uptake strongly influences the 
behavior of the polymer electrolyte membranes. For the samples dip coated in 
LiClO4.3H2O a strong dependence of the ionic conductivity was observed when 
compared to the 1 M LiClO4-PC ions. Molar mass for both electrolyte lithium solutions 
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are the same, but it seems that the addition of 3H2O results in an enhancement of the 
conductivity [23], and consequently the performance of the polymer electrolyte 
separator. 
The temperature dependence of the ionic conductivity for the composite polymeric 
electrolyte membrane is shown in figure 5.7 a) and, as expected, the conductivity of the 
lithium ions in such samples is lower when compared to the uptake ones, due to the 
lower concentration and reduced mobility of the lithium ions that are trapped by 
surrounding polymeric phase and the interaction between organic solvent (PC) and the 
polymeric matrix. 
Figure 5.7 b) show that slight variations in the parameter n and C for the membrane 
with higher ionic conductivity in the room temperature at 100 °C range. The parameter 
n increases with increasing temperature and present a high value, very close to 1 for all 
temperatures, indicating a capacitive behavior [24]. 
A decrease in the capacitance (figure 5.7 b) with increasing temperature in the 
polymeric matrix may be due to the release of trapped ionic charges followed by the 
accumulation of these charges in the polymeric matrix or mobility of the polymer chain. 















 Porous 1M LiClO4-PC
 Non Porous 1M LiClO4-PC
 Porous 1M LiClO4.3H2O-PC
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Figure 5.8 - For all samples a) Impedance modulus of |Z| as a function of temperature at 
1 kHz and b) phase angle as a function of temperature at 1 kHz. 
 
 
Figure 5.8 shows the impedance modulus and phase angle, respectively as a 
function of temperature for 1 kHz. 
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For different polymer microstructures but same electrolyte solution, it is possible to 
observe a major dependence of the temperature for porous membrane due to the 
porosity present in the sample which results in increased absorption of the lithium ions.   
The temperature increases the mobility of lithium ions for both microstructures. 
This fact is observed for all membranes except for membrane without electrolyte 
solution. 
Additionally, for porous samples, an increase in temperature is accompanied by an 
increase in the capacitive behavior for porous microstructure verified by displacement 
in the frequency domain for different temperatures (figure 5.8 a and b). Moreover, such 
capacitive behavior was not demonstrated by the non-porous membranes due the lower 
value of uptake lithium ions.  
By comparing the uptake samples with composite membranes, it is revealed that the 
ion diffusion and mobility is easier for the uptake samples, due to the larger amount of 
ions present in the sample when compared to the composite membranes (figure 5.8). 
Moreover, for the composite polymeric electrolyte membranes, the lithium ions forms 
clusters that are trapped by the surrounding polymer, which promotes and increase of 
the impedance modulus. For correlate the electric results obtained for all membranes 
samples, was determined the electrochemical stability of the all membranes through of 
the microelectrode cyclic voltammetry over the potential range -2.0 V to 6.0 V. The 
cyclic voltammogram for all samples are shows in the figure 5.9.  













E vs Li/Li+ / V 
 Non Porous, 1M LiClO4-PC
 Porous, 1M LiClO4-PC
 Porous, 1M LiClO4.3H2O-PC
 Composites-n=1.5
 
Figure 5.9 - Cycle Voltammogram of all membrane samples 
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It is observed that membranes with electrolyte solution, exhibit excellent stability in 
the chemical stability and with no electrochemical oxidation occurring at anodic 




Poly(vinylidene fluoride – trifluoroethylene) membranes have been investigated in 
order to evaluate the effect of porosity, dehydration of lithium ions and different 
experimental Li-ion loading techniques for Li-ion battery separator applications.  
The impedance properties are represented through the Nyquist and Bode plots and 
the ionic conductivity was determined by Nyquist plot. The electric behavior observed 
for all samples was interpreted by the Randles circuit. The porosity, dehydration of 
lithium ions and the experimental processing technique does not modify the vibration 
peaks characteristics of polymer present in the membrane. The electrical behavior of the 
membrane is influenced by all parameters studied in this work. As a conclusion, the 
parameters that more influence the membrane for battery applications are porosity and 
Li-ion loading technique. For the lithium ion applications, the best membrane must have 
porosity, the lithium ions preferably without dehydration and loaded by the uptake 
technique. The result of cyclic voltammetry confirms that the porous membrane based 
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6. Polymer Blends of P(VDF-TrFE)/PEO 
 
This chapter describes the properties of polymer blends based on poly(vinylidene 
fluoride-trifluoroethylene)/poly(ethylene oxide), P(VDF-TrFE)/PEO, with different 
PEO content and molecular weight for their use as Li-ion battery separator membranes.   
 
 
This chapter is based on the following publication:  
“Influence of poly(ethylene oxide) molecular weight in the characteristics of 
poly(vinylidene fluoride – trifluoroethylene) / poly(ethylene oxide) blend membranes for 
lithium ion battery applications”, C. M. Costa, J. Nunes-Pereira, M. M. Silva, J. L. 
Gomez Ribelles, S. Lanceros-Méndez, submitted 
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6.1. Samples 
The P(VDF-TrFE)/PEO polymer blend samples studied in this chapter have 
compositions of 100/0, 80/20, 60/40, 40/60 and 0/100 weight ratio for the two 
molecular weights of PEO. PEO with Mw = 10000 Da and with Mw = 100000 Da will 
be called hereafter PEO-10k and PEO-100k respectively. The electrolyte solution 
used is 1M LiClO4.3H2O in PC. 
6.2. Results and discussion 
6.2.1. Microstructure, polymer phase and thermal properties 
Blends of P(VDF-TrFE) and PEO with up to 60% by weight PEO have been evaluated 
for lithium ion battery separator membranes. Larger PEO contents in the blend leads to 
very fragile membranes, in particular for PEO-10k. The microstructure of P(VDF-
TrFE)/PEO blends is determined by the crystallization process during membrane 
formation as both polymers are semicrytalline. The micrographs of the polymer 
membrane cross-section for P(VDF-TrFE)/PEO-10k is shown in Figure 6.1. 
 
Figure 6.1 - Cross-section SEM images of P(VDF-TrFE)/PEO blend for PEO (Mw=10 
kDa): a) 100/0, b) 80/20, c) 60/40, d) 40/60  
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The morphology for these polymer blends is very similar to that reported for blends 
containing PEO-100k in reference [1]. Figure 6.1a shows a uniform, dense and 
homogeneous cryogenic fracture in P(VDF-TrFE) that do not reveal crystallites 
morphology at this magnification. For low PEO contents (Figure 6.1b), the roughness of 
fracture surface indicates the presence of the two polymers leading to a heterogeneous 
microstructure. For PEO contents above 20% wt (Figures 6.1c and 6.1d) the presence of 
PEO crystals is observed and the samples show some degree of porosity that was also 
shown by the blends with high molecular weight PEO [2]. The presence of 
microporosity in the membrane observed the cross-section SEM images (Figures 6.1a-
d) may facilitate lithium ion conduction along the interface [3]. Microporosity can 
appear during crystallization of P(VDF-TrFE) at 70 ºC from the solution in DMF in 
presence of molten PEO, in fact it has been previously shown [4] that a porous structure 
is produced by liquid-liquid or solid-liquid spinodal decomposition during solvent 
evaporation in the crystallization of pure P(VDF-TrFE) from the DMF solution. 
Although the presence of PEO diluted in the solution in DMF will obviously modify the 
phase diagram of P(VDF-TrFE) polymer, the appearance of voids during crystal growth 
cannot be discarded. On the other hand, PEO crystals grow during cooling from 70 ºC 
to room temperature in the dry blend. The contraction of the PEO phase during 
crystallization can also produce voids since it takes place in a volume confined by the 
semycrystalline P(VDF-TrFE) phase.  
Fourier transform infrared spectroscopy (FTIR) allows characterizing the polymer phase 
of the polymers and to evaluate the possible interaction between the two components of 
the polymer blends [5]. The spectra of the polymer blends prepared with PEO-10k are 
similar to those determined in the blend with PEO-100k [1] and are not shown in this 
work. It was concluded that the presence of P(VDF-TrFE) has influence in the chain 
conformation of PEO leading to a transformation from zigzag into helix conformation 
this fact being independent of the PEO molecular weight. 
The thermal properties of the polymer blend membranes were evaluated by DSC in 
heating scans. The DSC thermograms for the pristine P(VDF-TrFE) polymer and the 





6. Polymer blends of P(VDF-TrFE)/PEO 
  116 




















Figure 6.2 - DSC thermograms of the blend membrane, 60/40 for both molecular 
weight in the heating scan  
 
Three peaks are observed for the polymer blend membranes independently of the 
molecular weight of PEO. The lower temperature peak corresponds to the melting 
temperature of PEO, around 55 ºC - 68 ºC [6] depending on PEO content, and the 
higher temperature ones  correspond to P(VDF-TrFE): the one at ~117 ºC corresponds 
to the ferroelectric-paraelectric transition (FE-PE, Curie transition) and the one around 
145 ºC corresponds to the melting of the paraelectric phase [7]. 
Melting temperatures and crystalline fraction of the each component within the 
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Table 6.1 – Degree of crystallinity and melting temperature of each polymer as a 
function of the polymer blend composition for both molecular weight. 
 P(VDF-TrFE)/PEO-100k P(VDF-TrFE)/PEO-10k 
 P(VDF-TrFE) PEO P(VDF-TrFE) PEO 
P(VDF-
TrFE)/PEO 
Tf ( ºC) χ (%) Tf ( ºC) χ (%) Tf ( ºC) χ (%) Tf ( ºC) χ (%) 
100/0 145 28 --- --- 145 28 --- --- 
80/20 146 22.5 55 10 135 25 55 35 
60/40 141 16.7 59 27.5 134 20 59 35 
40/60 141 10 62 62.5 142 12.5 63 70 
 
 
Table 6.1 shows that the melting temperature and degree of crystallinity of PEO 
increases with increasing PEO content in the polymer blends independently of the 
molecular weights of PEO. Increasing PEO content increases of the nucleation density 
of PEO from the melt that result in the PEO crystals embedded in the P(VDF-TrFE) 
polymer [1]. The degree of crystallinity of PEO is higher for the lower molecular weight 
as shown in Table 6.1 what can be explained by the higher mobility of the molten low 
molecular weight PEO chains. 
The Curie transition temperature of P(VDF-TrFE), on the other hand,  is 
independent of blend composition and PEO molecular weight. The crystallization of 
P(VDF-TrFE) from the solution in DMF is nevertheless influenced by the presence of 
PEO as indicated by the modification of the melting temperature of P(VDF-TrFE) and 
of the degree of crystallinity. This fact is dependent of blend composition but 
independent of the molecular weight of PEO. Increasing dilution of P(VDF-TrFE) 
copolymer chains hinders crystal growth. Thus, in the blend containing 40% P(VDF-
TrFE), the blend film is nearly amorphous, consisting presumably in a homogeneous 
mixture of both components, although a small fraction of P(VDF-TrFE) crystals is 
dispersed in this medium. Then, on cooling, PEO crystals grow forming a continuous 
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6.2.2. Mechanical properties of the blend membranes 
The dynamic-mechanical properties of the polymer blends are influenced by molecular 
weight and have an important role in the material performance for membrane separators 
applications [8]. The E’ vs logf plots corresponding to blends with PEO-10k and PEO-
100k are parallel to each other. The dependence of E’ measured at 1 Hz with blend 
composition and molecular weight is shown in Figure 6.3.  













PEO content / %  
Figure 6.3 - Storage modulus, E’, measured at 1 Hz and 25 ºC, as a function of PEO 
content for the polymer blend membranes for the two PEO molecular weight. 
 
The storage modulus, E’, decreases with increasing PEO molecular weight for all 
polymeric blend compositions. This fact was previously reported in [8, 9] and was 
ascribed to the fact that the lower molecular weight fractions can act as diluents and 
retard the crystallization of the polymer with respect to the higher molecular weight 
fractions and the differences observed in the degree of crystallinity [8] which plays a 
major role in the mechanical properties of the material. Independently of the molecular 
weight of PEO, the storage modulus, E’, increases with increasing PEO content in the 
blend due to an increase of the degree of crystallinity as shown in Figure 6.3 and Table 
6.1 at room temperature. 
The differences in the storage modulus, E’, for both molecular weight are attributed 
to the interphase region between the ordered crystalline regions and the isotropic 
conformational disordered amorphous regions [8, 10]. For same PEO content, 
independently of molecular weight, is verified that with the higher molecular weight 
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(Mw=100k Da) or the longer polymer chain, present more difficulty of molecular 
reorganization from the entanglements when requested in frequency and too of the 
differences in the degree of crystallinity (Figure 6.3). 
 
6.2.3. Uptake and electrical properties 
As discussed above, some porosity remains in the dry blend samples. The specific 
surface area and micro-porosity affects LiClO4.3H2O solution uptake as presented in 
Table 6.2.  
 
Table 6.2 – Uptake, effective conductivity and MacMullin number of the separator 
membranes. Electrolyte: 1M LiClO4.3H2O; σ0 (S/cm)=9.8 mS cm-1 at 25 ºC. 
Sample Uptake / (%) σeff (S cm-1) NM 
80/20, Mw=100 kDa 49 8×10-5 124 
60/40, Mw=100 kDa 92 3×10-4 33 
40/60, Mw=100 kDa 49 7×10-4 14 
80/20, Mw=10 kDa 28 3×10-5 329 
60/40, Mw=10 kDa 43 2×10-4 49 
40/60, Mw=10 kDa 29 5×10-4 20 
 
The differences observed in the uptake value do not vary monotonously with PEO 
content in the blend neither in PEO-10k nor in PEO-100k, the maximum corresponds to 
a PEO content of 40%. This behavior can be due to the opposite effects of PEO content 
increasing solution sorption and PEO crystallinity decreasing it. Nevertheless, the main 
effect seems to be PEO molecular weight which determines the variations in the degree 
of crystallinity and are correlated of the different morphology but more with the PEO 
dissolution and capacity for swelling [11]. 
PEO is a water soluble polymer and in this polymer blend, the uptake is governed by the 
confinement produced by P(VDF-TrFE) whose shape is only slightly changed by 
swelling since electrolyte absorption in pure P(VDF-TrFE) is quite modest. 
The important parameter is the MacMullin number, NM, that describes the relative 
contribution of a separator to cell resistance and is therefore related to the effective 
conduction process (chapter 2, equation8).  
The MacMullin numbers, NM, are listed in Table 6.2, showing a dependence on the 
amount and molecular weight of PEO. Independently of the molecular weight of PEO, 
the NM decreases with increasing PEO content in the polymeric due to the increase of 
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ionic conductivity. NM is correlated to the morphology, tortuosity value and the affinity 
between polymeric blend and electrolyte solution [12]. 
The complex impedance plots (Nyquist plot, i.e., imaginary impedance ''Z   against real 
impedance 'Z ) for the P(VDF-TrFE)/PEO blend membranes with a PEO molecular 
weight of Mw=100 kDa without electrolyte solution are presented in Figure 6.4, the 
results corresponding to blends with PEO-10k are similar and are not shown.  
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Figure 6.4 - Nyquist plot of PVDF-TrFE)/PEO-100k blends measured without 
electrolyte solution at room temperature for: a) 100/0, b) 80/20, c) 60/40 and d) 40/60 
blends. 
 
Three distinct regions can be identified in Nyquist plot: a semicircle located at the high-
frequency range that corresponds to the charge transfer process, a straight line for the 
lowest frequencies that is related to the diffusion process and the transition between 
these processes as shown in Figure 6.4 [13]. The width of the semicircle in the charge 
transfer process represents the bulk resistance of the polymer blend and it decreases 
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with increasing PEO content in the P(VDF-TrFE)/PEO blend due to the higher d.c. 
conductivity contribution and the dipole-orientation relaxation process of PEO [14]. 
Figure 6.4 shows that PEO content influences the diffusion process at low frequency, 
the straight line in this frequency range increasing with increasing PEO content due to 
the migration of charges and the surface in-homogeneity of the electrodes [15]. The 
ionic conductivity at room temperature determined by equation 6 (chapter 2) from the 
data presented in Figure 6.4 is represented in Figure 6.6a as a function of PEO content 
for the two molecular weights showing that the ionic conductivity increases with 
increasing PEO content in the blend. 
After electrolyte solution uptake, the Nyquist plots for P(VDF-TrFE)/PEO-100k blend 
membrane shows the disappearance of the semicircle in the Nyquist plots for the 
membranes with PEO due to the fact that the total conductivity is mainly the result of 
ion conduction [16] (Figure 6.5).  






























































Figure 6.5 - Nyquist plot of P(VDF-TrFE)/PEO-100k membrane with electrolyte 
solution for: a) 100/0, b) 80/20, c) 60/40 and d) 40/60 blends. 
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The reason for this behavior is the diffusion of the polymer chain with ions coordinated 
and the liquid uptake of polymeric blend membrane that benefits the ions migration 
where result one low impedance. Ionic conductivity at room temperature was 
determined by equation 6 (chapter 2) and the data of Figures 6.4 and 6.5 without and 
with electrolyte solution, respectively (Figure 6.6). Ion transport in the blend 
membranes depends on PEO molecular weight for samples without and with electrolyte 
solution as shown in Figure 6.6.   
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Figure 6.6 - Ionic conductivity as a function of PEO content for P(VDF-TrFE)/PEO 
blend without electrolyte (a) and with electrolyte solution uptake (b).  
 
Figure 6.6a shows that PEO content increases ionic conductivity in three orders of 
magnitude independently of PEO molecular weight. Without electrolyte uptake, the 
conductivity is larger for the blend samples with higher PEO contents due to the 
dispersion of ill-crystallized PEO within the P(VDF-TrFE) matrix. 
The electrolyte solution (Figure 6.6b) strongly influences the value of the ionic 
conductivity of the P(VDF-TrFE)/PEO blend membrane in comparison with Figure 6.6a 
resulted from the segmental motion of the chains surrounding salt ions, creating a 
liquid-like environmental around the ions and the presence of the lithium salts in the 
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Figure 6.7 - Logarithm of conductivity,σ, as function of reciprocal temperature, 1000/T 
for P(VDF-TrFE)/PEO blend without electrolyte (a) and with electrolyte solution 
uptake (b) for both molecular weight. 
 
Figure 6.7 shows the temperature dependence of the ionic conductivity for pristine 
polymer, P(VDF-TrFE) and the polymer blend membrane, 60/40 for both molecular 
weights without and with electrolyte solution. The behavior of the ionic conductivity as 
a function of the temperature for other polymer blends is very similar to that shown in 
Figure 6.7. 
Increasing temperature increases free volume and polymers segmental mobility and 
charge mobility, increasing therefore ionic conductivity [18]. 
Around 60 ºC (1/T=0.003 K-1) the conductivity versus reciprocal temperature plot show 
a clear change of slope due to melting of PEO crystals (Figure 6.7a), but interestingly 
enough at temperatures above melting the conductivity of the blends containing 40% or 
more PEO is still one order of magnitude lower than in the 80/20 blend independently 
of molecular weight of PEO. Above 60 ºC, the polymer blend membrane molten PEO 
mix in some extent with amorphous P(VDF-TrFE) chains producing a continuous 
conductive phase thus improving ion conductivity of the blend.  
After electrolyte uptake (Figure 6.7 b) polymer blends exhibit high conductivity higher 
than 10-4 S cm-1 at room temperature for PEO contents above 20% and practically 
independent of blend composition, within experimental error. Ionic conductivity of the 
membrane depends strongly on the inclusion of PEO polymer in the P(VDF-TrFE)/PEO 
blends but not so much on the PEO content itself and its molecular weight. 
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Ionic conductivity of the blends after electrolyte solution uptake (figure 6.7b) increases 
in comparison to the samples without electrolyte solution (figure 6.7a) in three orders of 
magnitude as verified in Figure 6.6 at room temperature. This is due to the larger 
concentration of ionic charge carriers and their mobility [19]. Inclusion of PEO also 
increases thermal stability of the ionic conductivity of the samples with respect to the 
PVDF-TrFE (Figure 6.7) and again thermal stability is independent of the content and 
molecular weight of PEO. 
Temperature dependence of electrical conductivity of blends without electrolyte 
solution can be fitted to Arrhenius equation (equation 1, chapter3) 
Values of Ea, calculated for the temperature intervals below and above 60 ºC are listed 
in Table 6.3.  
 
Table 6.3 – Activation Energy for the blend membranes without electrolyte solution 
 Before 60 ºC After 60 ºC 
Sample Ea / (eV) 
100/0 0.93 
80/20, Mw=100 kDa 0.82 0.56 
60/40, Mw=100 kDa 1.72 0.61 
40/60, Mw=100 kDa 1.5 0.55 
80/20, Mw=10 kDa 1.61 0.76 
60/40, Mw=10 kDa 1.23 0.66 
40/60, Mw=10 kDa 1.15 0.44 
 
The activation energy above 60 ºC decreases with increasing PEO content due the 
transition between semi-crystalline region and completely amorphous region for PEO 
polymer. This fact is verified for the two molecular weights of PEO. Below 60 ºC, the 
activation energy is higher due of the semi-crystalline states for the two polymers 
present in the P(VDF-TrFE)/PEO blend membranes. 
Temperature dependence of ionic conductivity in blends with electrolyte solution does 
not obey Arrhenius behavior. The curvature evident in Figure 6.7b is better described by 
Vogel-Tamman-Fulcher (VTF) equation [18, 20]:  















BATTσ                                         (1) 
 
A is a parameter indicative of the number of charge carriers, B  is related to the 
segmental motion of the polymer chains for ion transport and 0T  is a parameter 
correlated to the glass temperature, i.e, reference temperature at which the 
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configurational entropy of the polymer became zero. Equation 1 describes the coupling 
between lithium ions and polymer chains dynamics and properly describes the behavior 
of the electrolyte solution and the blends in the entire temperature range. 
Table 6.4 represents the VTF parameters obtained from the fittings of the data of Figure 
6.7 b for all polymeric blends membranes with electrolyte solution.  
 
Table 6.4 – Fitting parameters obtained by VTF equation for all P(VDF-TrFE)/PEO 
membranes with electrolyte solution 
Sample A / S-1 cm-1 K-1/2 B / (eV) T0 / (K) 
100/0 5 0.19 182 
80/20, Mw=100 kDa 4 0.007 256 
60/40, Mw=100 kDa 3 0.008 249 
40/60, Mw=100 kDa 2 0.012 230 
80/20, Mw=10 kDa 6 0.005 263 
60/40, Mw=10 kDa 4 0.007 251 
40/60, Mw=10 kDa 4 0.0008 265 
 
It is evident a low value of B  which is close to those of the liquid electrolyte solution 
independently of amount and molecular weight of PEO and is indicative of an easy ion 
transport in the P(VDF-TrFE)/PEO blend. The differences in the A and B  parameters for 
all polymer blends membranes is related with microstructure, porosity and uptake 
values. The variations of the pre-exponencial factor A , related to the number of 
effective charge carriers are independents of the molecular weight of PEO but decrease 
with increasing of the PEO content in the polymer blend membrane.  
In the B  parameter of Table 6.4 is verified that the electrolyte solution improves the 
mobility and ionic charge carriers present in the all polymeric blends membranes [21].  
As verified without electrolyte solution, the mobility of ionic charge carriers depends of 
PEO presence but not depend of content and molecular weight of PEO. 
The differences observed for the 0T  in all polymeric blend membranes are related of the 
variations of the amorphous phase content of the each polymer and its miscibility. The 
magnitude of 0T decreased with increasing of PEO amount and suggested enhanced 
segmental motion of the polymer chain except for 60% weight ratio of PEO with 
Mw=10 kDa. This fact is independent of the molecular weight of PEO.  
The working voltage range, i.e., electrochemical windows for polymer electrolytes is a 
critical parameter from their applications in battery and electrochromic devices. The 
electrochemical stability (voltammograms) of the polymeric blend membranes and the 
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diffusion coefficients (equation 9, chapter 2) were determined through cyclic 
voltammetry over the potential range -2.0 V to 8.0 V (figure 6.8). 
 



































Figure 6.8 - a) Voltammogram of P(VDF-TrFE)/PEO for Mw=10 kDa for all polymer 
blends membranes at 1 V/s and b) Voltammogram of P(VDF-TrFE)/PEO for 80/20 with 
two molecular weights of PEO (Mw=10 kDa and Mw=100 kDa) at 1V/s. 
 
The both cathodic and anodic current peaks are present in the voltammograms of Li 
cells as illustrated in Figure 6.8. 
The voltammogram of the polymer blend membranes with Mw=10 kDa at room 
temperature is represented in Figure 6.8 a). The voltammogram is independent of the 
scanning rate. This membrane exhibits good electrochemical stability with anodic 
potentials higher than 5.0 V versus Li/Li+ and oxidation peak around at 2.0 V. The 
anodic current onset may be associated with the decomposition of the polymer 
electrolyte and the excellent affinity to the carbonate based liquid electrolyte solution 
which can partially swell the polymers. The anodic current depends on the PEO content 
as shown in Figure 6.8a due of the interaction between PEO polymer and lithium ions. 
Increasing potential sweeping rate shifts the cathodic peak potential in the negative 
direction.  Figure 6.8a shows a small peak around 2.0 V in the electrolytes films which 
has been previously ascribed to reduction of low level of water presented in PEO or 
oxygen impurities [22]. The cathodic and anodic peak potentials are separated, which 
may be expected for a two electron-transfer reaction. 
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An anodic potential higher than 5 V was found for same scanning rate (1 V/s) and PEO 
content (20%) for both PEO molecular weights. The oxidation peak around of 1 V 
demonstrated that electrochemical stability depends of the molecular weight of PEO. 
The variations observed in the voltammogram (Figure 6.8b) of P(VDF-TrFE)/PEO 
blend membranes are related to the porosity and the tortuosity value present in the 
membranes. From these data, the diffusion coefficients of the polymer blend 
membranes, calculated by equation 9 (chapter 2), are in the order of 2×10-5 cm2 s-1 for 
80/20 with Mw=10 kDa and 3×10-5 cm2 s-1 for same composition but with different 
molecular weight of PEO. The diffusion coefficient depends on PEO content and its 
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6.3. Conclusions 
Polymer blends based on poly(vinylidene fluoride-trifluoroethylene)/poly(ethylene 
oxide) have been developed and investigated as a function of amount and molecular 
weight of PEO for Li-ion battery separator applications. The polymer blend membranes 
were prepared by solvent casting at 70 ºC due that this temperature is higher than the 
melting point of PEO. At this evaporation temperature, P(VDF-TrFE) crystallizes from 
the solution and the melted PEO is confined by P(VDF-TrFE) semicrystalline phase. 
The microstructure is dependent of the phase separation between P(VDF-TrFE) and 
PEO that produces interconnected micropores. The IR vibration modes characteristic of 
P(VDF-TrFE) are not influenced by the presence of PEO in the polymer blend. The 
capacity of the blend film to absorb the lithium salt solution is highly dependent on film 
porosity, PEO crystallinity and confinement. The mechanical and electrical properties 
are dependent of the amount and molecular weight of PEO and correlates with the 
degree of crystalinity. Without electrolyte solution the charge transfer process is 
dominant and follows the Arrhenius behavior. Electrical properties of the polymer blend 
membranes with electrolyte solution are dominated by diffusion and the ionic 
conductivity as a function of temperature and follows the VTF behavior. Ionic 
conductivity has a maximum in the membrane containing 60% PEO for Mw=100 kDa, 
reaching a value of 0.7 mS cm-1 at room temperature. Blend membranes with absorbed 
electrolyte show low dependence of conductivity with temperature, i.e., a high thermal 
stability. The molecular weight affects working voltage range determined by cyclic 
voltammetry. The result of cyclic voltammetry confirms that the polymeric blends also 
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7. Effect of different salts in the electrolyte solution of 
P(VDF-TrFE) battery separator membranes 
 
This chapter describes the effect of different salts in the electrolyte solution of P(VDF-
TrFE) membranes. Poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-TrFE) solid 
polymer electrolytes were prepared using porous membranes soaked in lithium 
tetrafluoroborate (LiBF4), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 
magnesium triflate (Mg(CF3SO3)2) and sodium triflate (Na(CF3SO3)) electrolyte 
solutions. The polymer electrolytes based on P(VDF-TrFE) porous membranes show 
adequate properties for lithium, magnesium and sodium-ion batteries. 
 
 
This chapter is based on the following publication:  
“Approach of different salts in electrolyte solution of poly(vinylidene fluoride-co-
trifluoroethylene) battery separator membranes for batteries applications”, C. M. 
Costa, R. Leones, M. M. Silva, S. Lanceros-Méndez,  submitted 
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7.1. Samples 
P(VDF-TrFE) porous membrane soaked in different electrolyte (1 M solution of 
LiBF4, LiTFSi, Mg(CF3SO3)2 and Na(CF3SO3)  in PC) solution will be called hereafter 
by the salt name: LiBF4, LiTFSi, Mg(CF3SO3)2 and Na(CF3SO3). 
 
7.2.  Results and discussion 
7.2.1. Morphology, uptake, polymer phase and molecular interactions 
The porous microstructure morphology of the membranes is illustrated through the 
SEM images shown in figure 7.1a (surface) and 7.1b (cross-section).  
 
Figure 7.1 – SEM images showing the microstructure of the P(VDF–TrFE) membranes 
prepared by solvent evaporation at room temperature a)  surface; b) cross section of the 
samples before electrolyte uptake. c) Surface and d) cross section of the samples after 
1M LiTFSI in PC electrolyte uptake. 
 
The porous microstructure is characteristics of the P(VDF-TrFE)/DMF systems when 
samples are prepared from room temperature solvent evaporation [1, 2] and depends on 
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the specific place of the polymer/solvent phase diagram in which the isothermal 
crystallization begins [2]. The cross-section images (figure 7.1 b) reveal a homogeneous 
pore distribution with average pore size of 9±3 μm.  
The addition of the electrolyte solution does not affect the porous microstructure of the 
samples as shown in figures 7.1 c) and d) after 1M LiTFSI in PC electrolyte uptake. 
This fact is verified for all other electrolyte solutions studied in this work.  
SEM images containing electrolyte solution (figure 7.1c) and d)) do not show phase 
separation of the electrolyte solution and membrane indicating the good 
compatibilization between polymer and organic solvent.   
Comparing the cross-section images (figure 7.1 b, without electrolyte solution and 
figure 1 d, 1M LiTFSI in PC) is observed the increase of the thickness of the membrane 
with electrolyte solution due of the uptake effect illustrated in the figure 7.2a). The 
increase of the thickness of the membrane is verified in all electrolyte solution used in 









































Figure 7.2 –a) Uptake value of the P(VDF–TrFE) immersed in the different electrolyte 
solution and b) Infrared spectroscopy after uptake of the different electrolyte solution. 
 
Figure 7.2 a) shows the uptake for the membrane immersed in the different 
electrolyte solution. The uptake value ranged from 396% for the LiTFSI salt to 529% 
for the Mg(CF3SO3)2 depending basically on salt type as the degree of porosity is the 
same in all samples.  
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The degree of porosity of the membrane is 72% [3], leading to a high degree of uptake 
independently of the electrolyte solution. The differences observed between the uptake 
values can explain by the interaction between the polymer and the electrolyte solution 
and also by the different viscosity of the electrolyte solution.  
The information/investigation of the characteristics bands of the polymer, ion-solvating 
ability and interaction between ions of polymer is provided by infrared spectroscopy as 
shown in figure 7.2 b). 
Figure 7.2b) shows the vibration modes at 851 cm-1, 886 cm-1 and 1402 cm-1, 
characteristic of the P(VDF-TrFE) polymer in the all-trans conformation and indicates 
that the presence of the different electrolyte solutions do not affect the crystalline phase 
of the polymer [3]. 
Also is observed in the FTIR spectra (figure 7.2b) of the membranes with electrolyte 
solution the existence of the two strong bands at 712 cm-1 and 777 cm-1 that is related to 
the presence of propylene carbonate (PC) in the samples. 
The vibration spectrum of the electrolyte solution with LiBF4 salt doesn’t show the 
vibration mode of free BF4− anions, the band corresponding to the ion pairs of BF4− 
appearing at 770 cm−1 in which confirms the existence of ion pairs in this salt [4]. 
It is detected at 768 cm-1, one vibration band that is attributed to the free triflate anion 
(CF3SO3-) in the vibration spectrum of the following salts: Mg(CF3SO3)2, Na(CF3SO3). 
LiTFSI salt do not has the CF3SO3- anion as show the structure in the table1, but its 
vibration modes (CF3SO2-) are very similar to free triflate anion. 
The vibration region that indicates the salts content of the (CF3SO3-) triflate anion is 
between 1020 cm-1 and 1080 cm-1, characteristic of the symmetric stretching modes of 
SO3 in trifluoromethanesulfonate anion as is represented in the figure 7.3. The 
attribution of the vibration bands of the respective salts in this region is listed in the 
table 7.1. In figure 7.3, the solid line is the absorption profile for each salt and the 
dashed lines represent the deconvoluted spectra.  
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Figure 7.3 –FTIR spectrum and the curve-fitting results of the LiTFSi, Mg(CF3SO3)2, 
Na(CF3SO3) salts.  
 
This region is divided in three parts corresponding to free triflate anions (1030-1034 
cm-1), ion-paired triflates (1040-1045cm-1) and highly aggregated triflates (1049-1063 
cm-1) [5].  
Figure 7.3 and table 7.1 show that the ion solvation ability of the polymer depends 
on the different cations (Li+, Na+ and Mg2+)  and anions (CF3SO2- and CF3SO3-). 
 
Table 7.1 - Characteristics vibration bands of the different salts in the νs SO3 spectral 
region [6, 7]. 
LiTFSi Mg(CF3SO3)2 Na(CF3SO3) Attribution 
1038 1030 1032 νs SO3 free region 
1042 -------- 1043 Na+(CF3SO3-) /Li+(CF3SO3-) and Na 
(CF3SO3-)2 /Li (CF3SO3-)2 
1049 1046 1046 (Li+ CF3SO3/Na+ CF3SO3/Mg2+CF3SO3 
1054 -------- -------- [Li2(CF3SO3)]+ 
1070 1075 1077 --------- 
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Taking account figure 7.3 for the same anion (CF3SO3-) and different cations (Na+ and 
Mg2+), the position of the vibration peaks is the same but the intensity and the shape of 
these peaks is slightly different. The width is large for the Mg2+ cation in comparison to 
the Na+ cation, related to a larger number of bonds.  
Independently of the salts type (figure 3), it is identified two vibration peaks around 
1035 cm-1 and 1046 cm-1 that represent the presence of free and highly aggregated 
triflates, respectively. In these salts, the contribution of “cross-link separated ion pairs” 
cannot be discarded as shown in the figure 7.3 [6]. 
The band at 1043 cm-1 is attributed of monodentate Na+ (CF3SO3-) /Li+(CF3SO3-) ions 
pairs and negatively charged triplets Na(CF3SO3-)2 / Li(CF3SO3-)2 [6, 7]. 
The vibration band around 1075 cm-1 , present in all triflate salts, is related to higher 
ionic aggregates possibly associated to P(VDF-TrFE)/LiTFSi, P(VDF-
TrFE)/Mg(CF3SO3)2 and  P(VDF-TrFE )/Na(CF3SO3) crystalline complex in the samples 
[8]. 
 
7.2.2. Thermal and mechanical properties 
The thermal and mechanical stability of the battery separator is very important for its 
performance.  The thermal and mechanical properties were evaluated through DSC 
(figure 7.4) and stress-strain (figure 7.5) measurements, respectively as a function of the 
different electrolyte solutions.  


















Figure 7.4 –DSC thermographs of the membrane immersed in the different electrolyte 
solution. 
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The DSC thermograms for the samples immersed in the different electrolyte solutions 
and the pristine P(VDF-TrFE) are shown in figure 7.4. The DSC thermograph of the 
pristine polymer shows the presence of two endothermic peaks, one representing the 
ferroelectric-paraelectric phase transition, TFP ~112ºC, and the other representing the 
melting temperature of the polymer matrix, Tm ~146ºC. 
The DSC thermographs of the membranes soaked in different electrolyte solutions do 
not show the two endothermic peaks characteristics of the P(VDF-TrFE) polymer as 
displayed of the figure 7.4. In turn, for all electrolyte solution one small endothermic 
peak is detected around 50ºC-60ºC, the intensity of the peak depending on the salt type 
present in the electrolyte solution. This peak is associated to the dynamic of the 
amorphous phase of the P(VDF-TrFE) in the present of the different salts [3, 9]. 
In PVDF-TrFEnLiClO43H2O composites, the degree of crystallinity of the samples 
decreases with increasing lithium ion content due to a more defective structural packing 
of the macromolecular chains [10]. 
The fact that the melting peak of the polymer is not observed in the thermographs of the 
membranes immersed in the electrolyte solution is due of the evaporation of the PC 
(TGA result) [3], which involve larger energies than any other effect at that temperature 
region. 
The mechanical properties of the battery separator depend of the morphology and 
geometry of the membranes [11]. 
The stress-strain curves of the different samples are represented in figure 7.5 and table 
7.2 shows the elastic modulus and yielding stress. 
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 1M LiBF4 - PC
 1M LiTFSi - PC
 1M Na(CF3SO3) - PC
 1M Mg(CF3SO3)2 - PC
 
Figure 7.5 –Stress-strain curves of the membrane immersed in the different electrolyte 
solution and the pure polymer 
 
All stress-strain curves (figure 7.5) show the characteristic thermoplastic behavior of the 
pristine polymer independently of being immersed in the different electrolytes. 
Independently of electrolyte solution, the mechanical properties of the membranes 
soaked in the electrolyte solution decrease in comparison with the pristine polymer.  
 
Table 7.2- Mechanical properties of the pristine polymer and the polymer oaked in the 
different salts. 
Sample Pristine polymer LiBF4 LiTFSI Na(CF3SO3) Mg(CF3SO3)2 
Yielding stress (MPa) 2.1 0.37 0.50 0.22 0.10 
Elastic Modulus (MPa) 40 1.90 2.40 1.14 0.60 
 
 
Table 7.2 shows that the mechanical properties (yielding stress and elastic modulus) 
for the samples with electrolyte solution decrease in the following order of LiTFSI > 
LiBF4 > Na(CF3SO3) > Mg(CF3SO3)2. This observation follows the same behavior of 
the uptake value (figure 7.2a), i.e, can be concluded that there is a correlation between 
uptake value and mechanical properties. The mechanical properties of the P(VDF-TrFE) 
decreases with increase of the uptake value. 
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7.2.3. Electrical properties 
Table 7.3 shows the room temperature effective conductivity, the tortuosity value and 
the MacMullin number (NM) calculated by equation 6, 7 and 8 (chapter 2) respectively.   
 
 
Table 7.3 - Room temperature effective conductivity, tortuosity value and MacMullin 
number (NM) of the separator membranes soaked in the different electrolytes. 
Sample σo (mS/cm) σeff (mS/cm) τ Nm 
LiBF4 4.5 0.19 4.1 23 
LiTFSI 6.5 0.32 3.8 20 
Na(CF3SO3) 4.1 0.27 3.3 15 
Mg(CF3SO3)2 1.6 0.102 3.4 16 
 
The effective conductivity of the membrane soaked in the different salts show a high 
ionic conductivity independently of the salts. 
The tortuosity value describes the average pore connectivity of a solid, which is related 
with the ionic transport and provides information about pore blockage. A tortuosity 
value of 1 describes an ideal porous body with cylindrical and parallel pores. The value 
of tortuosity of the membranes is between 4.1 at 3.1 and reveals that a major 
contribution for the conduction process is the swollen phase. With respect to 
Na(CF3SO3) salts it is observed a low tortuosity value and supports better pore 
connectivity [12] due of the affinity between salt and polymer.  It is also observed that 
the MacMullin number is dependent on the salt type and is correlated to the tortuosity 
value and the affinity between membrane and electrolyte solution [13]. The lowest 
value of the MacMullin number obtained for these membranes was for the electrolyte 
solution containing Na(CF3SO3) salt in its constitution, the Na+ cation showing the 
higher ionic radius (0.102nm) in comparison of the other cations presents in the 
different salts. The room temperature, ionic conductivity (table 7.3) is very similar to 
the values founds in the literature for other developed separators, as for example, σi = 
0.7mS/cm for PMMA in EC-DMC-LiN(SO2CF3)2  [14]. 
The Nyquist plot, i.e., imaginary impedance ''Z  against real impedance 'Z  and Bode 
diagrams for all membranes with the different electrolyte solutions were determined 
between 25ºC and 100ºC. The Nyquist plots at 50ºC is represented in figure 7.6 a) for 
all membranes immersed in the electrolyte solution.  
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Figure 7.6 - a) Nyquist plots of the membrane soaked in different electrolyte solution at 
50 ºC, b-c) Bode diagram of the membranes soaked in different electrolyte solution at 
50 ºC and d) ionic conductivity of the membranes soaked in the different salt at 25ºC 
and 100ºC. 
 
It is observed a partial small semicircle at high frequencies for all electrolyte solutions.  
The insert of figure 7.6 a) represents the ionic conductivity at low frequencies and 
shows an inclined straight-line, typical of the blocking electrode capacitive behavior 
[15], which depends on the anion size of the salts presents in the electrolyte solution.  
The ionic conductivity shown in figure 7.6 a) increases with decreasing anion size and 
follows of the following order: BF4- < CF3SO3- < (CF3SO2)2N- [16]. 
The anions are counter ions of strong acids and the difference observed in the ionic 
conductivity is presumably due to the difference in lattice energies [17].  
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For the same anion (CF3SO3-), the ionic conductivity depends on the cation type, 
increasing with increasing ion radius (Na+> Mg2+).  
In relation for the same cation (Li+) and different anion radius (BF4- and CF3SO2)2N-), 
the dissociation of lithium salts depend on their size, the ionic conductivity increasing 
with increasing anion radius.  
Figures 7.6 b) and c) show Bode diagram (impedance modulus and phase angle as a 
function of frequency, respectively) for all electrolyte solution at 50ºC. The impedance 
modulus (figure 7.6 b) decreases with increasing the frequency, being the decrease more 
marked for the lower frequencies up to 1 kHz. This behavior is independent of the 
electrolyte solution and is ruled by the restricted dynamics of ion mobility within the 
porous membranes.  
Figure 7.6 c) shows the phase angle as a function of the frequency and is detected that 
the maximum phase angle occurs at 70º except of the electrolyte solution containing 
Mg(CF3SO3)2 salt. For this salt, the maximum phase angle is around 60º, and 
corresponds to the cation (Mg2+) with the lowest ion radius (0.072nm) in comparison 
with the other cations (Li+ and Na+). Independently of the electrolyte solution, the 
maximum of the phase angle is lower than 90º, the behavior being therefore better 
represented by a constant phase element (CPE) [18]. 
The effect of temperature in the ionic conductivity of the membranes is reported in 
figure 7.6d) and figure 7.9. The ionic conductivity of the membrane with different 
electrolyte solutions increases with increasing temperature due to increased mobility of 
the ionic charge carriers [3]. This behavior is observed in all electrolyte solution (figure 
7.6d). For example, in the LiBF4 salt, the ionic conductivity increases from 0.2 to 1 
mS/cm when the temperature is increased from room temperature to 100ºC. The most 
commonly equivalent electric circuit that describes the electrical behavior observed in 
this work, as shown in figures 7.7 and 7.8, is the Randles circuit [19]. This circuit can 
be used to describe electrode processes when both kinetics and diffusion processes are 
present. 
 
Figure 7.7 - Illustration of Randles circuit 
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The Randles circuit, takes into account the resistance to ionic migration current in 
the aqueous bulk solution by the solution resistance (R1), the double-layer capacitance, 
i.e, the charges of the ions localized at the electrode interface (CPE) here a parameter n 
is used in order to accommodate the nonideal behavior, showing n a value of zero for 
pure resistive behavior and the value of one for capacitive behavior, and the Faraday 
impedance, i.e., charge-transfer resistance (R2) in parallel to Warburg impedance (Zw) 
[20] (Figure 7.7). The charge transfer resistance (R2) in parallel to the Warburg 
impedance (Zw) reflects the influence of the mass transport of electroactive species on 
the total impedance of the electrochemical cell [21]. 
 






























Figure 7.8 – Schematic representation of the equivalent circuit model used for the 
P(VDF-TrFE) membrane soaked in Mg(CF3SO3)2 and LiTFSi at 50ºC. 
 
The red solid lines in figure 7.8 indicates the good agreement between the 
experimental data and the results obtained by fitting the equivalent circuit to the 
experimental results obtained at 50ºC for the membranes soaked with Mg(CF3SO3)2 and 
LiTFSi. Similar results are obtained for the other salts. 
 
Table 7.4 shows the parameters obtained by the fitting with the equivalent circuit for 
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Table 7.4 - Parameters obtained by fitting the experimental values at 50 ºC to the 
equivalent circuit represented in figure 7.8. 
 Samples 
Parameter Na(CF3SO3) LiBF4 LiTFSI Mg(CF3SO3)2 
( )Ω1R  20 19 20 29 
( )Ω2R  4439 11049 8453 1056 
( )5.0. −Ω sZ w  31397 18762 24832 3811 
( )FCPE  9.2x10-6 1.5x10-5 9.3x10-6 1.2x10-5 
n  0.86 0.86 0.88 0.87 
 
The parameter n  shows a high value close to 1 for all membranes, indicating a mainly 
capacitive behavior independent of the salts present in the electrolyte solution. 
Analyzing the 1R value, it is observed a low value around 20 Ω due of the low resistance 
to ionic migration current in the aqueous bulk solution for the different salts. 
The charge-transfer resistance, 2R , is proportional of the uptake value, i.e, decreases 
with increasing uptake and follows this order: Mg(CF3SO3)2 < Na(CF3SO3) < LiTFSI < 
LiBF4. 
It is observed that the Warburg impedance ( )wZ  and the capacitance ( )CPE  depend on 
the ion size as verified in table 4. Both parameters decrease with decreasing cation size 
present in the salt: Mg2+ (0.072nm) < Li+ (0.076nm) < Na+ (0.102nm). 
The temperature dependence of the ionic conductivity calculated from equation 6 
(chapter 2) for the different membranes is shown in figure 7.9. 
Figure 7.9 shows that the ionic conductivity increases with increasing temperature 
due to the increase of the free volume and segmental mobility of the polymer with 
increasing temperature [22] and the larger concentration of ionic charge carriers and 
their mobility [3]. 
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Figure 7.9 - Log σ as a function of 1000/T for the different membranes. 
 
These both effects are observed for all electrolyte solutions. 
Figure 7.9 also shows that ionic conductivity as a function of temperature does not 
obey the Arrehenius behavior and it is evident a slight curvature better described by the 
Vogel-Tamman-Fulcher (VTF) equation (equation 1, chapter 6). 
Table 7.5 represents the VFT parameters obtained from the fittings of the data of figure 
7.9 for the different membranes with the electrolyte solution.  
 
Table 7.5 – Fitting parameters obtained by VFT equation for membranes with the 
different electrolyte solution. 
Sample Ea / eV T0 / K 
LiBF4 0.015 190 
LiTFSI 0.007 216 
Na(CF3SO3) 0.002 256 
Mg(CF3SO3)2 0.030 165 
 
 
The value obtained for 0T  (table 7.5) depends on the different salts present in the 
electrolyte solution, i.e, depend on the interactions with polymer chain. Independently 
of the electrolyte solution, the value for the activation energy is low due to the high 
number and mobility of the ionic charge carriers present in the membranes soaked in the 
electrolyte solution.  
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The electrochemical window of the membranes soaked in the electrolyte solutions was 
determined by cyclic voltammetry over the potential range -2.0V to 6.0 V (figure 7.10). 



















































































Figure 7.10 - Voltammogram of the membranes at different scanning rates for: 
a)LiBF4, b) LiTFSI, c) Na(CF3SO3) and d) Mg(CF3SO3)2. 
 
The voltammograms of figure 7.10 reflect a wide voltage window of electrochemical 
stability of the membranes immersed in the different electrolyte solutions. 
Both cathodic and anodic current peaks are present in the voltammograms as illustrated 
in figure 7.10. 
In figures 7.10 a) and b) it is observed good electrochemical stability independently of 
scanning rate, with anodic potentials higher than 4.0V (Li+/Li) and oxidation peak 
around 0.0V (Li+/Li). The anodic current onset may be associated with the 
decomposition of the polymer electrolyte.  
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The electrochemical deposition of lithium salts is observed in the cathodic current onset 
at about 0.0V in figure 7.10 a) and b) [23]. 
Increasing potential sweeping rate shifts the cathodic peak potential in the negative 
direction in all voltammograms (figure 7.10) independently of the salts present in the 
electrolyte solution.  
The voltammograms (figure 10) do not close at -2V due of the reversibility of redox  
species and their dependence on the scan rate [24]. 
In relation of the salts with of Na+ (figure 7.10c) and Mg2+ (figure 7.10d), it is observed 
existence of multiples cathodic peaks starting from 4.0V (Li+/Li) due to the 
electrodeposition of the cation on the lithium substrate. 
The voltammograms of the membranes (figure 7.10) are correlated to the different 
electrolyte solution as verified through the diffusion coefficient calculated from 
equation 9 (chapter 2). The diffusion coefficients being 9.0x10-5 cm2/s for LiBF4, 
8.0x10-5 cm2/s for LiTFSi, 1.1x10-4 cm2/s for Na(CF3SO3) and 7.7x10-5 cm2/s 
Mg(CF3SO3)2.  
Through the electrochemical potential windows range and the diffusion coefficient 
determined for these membranes it is shown that these P(VDF-TrFE) membrane soaked 
with electrolyte solution of different salts are adequate and can be useful for separator in 
battery applications. Relatively the salts for lithium-ion battery applications (LiBF4 and 
LiTFSI) it can be verified that the LiTFSI is more adequate and shows high ionic 
conductivity in comparison with LiBF4 due the highest anion size present in the LiTFSI 
salt. In relation of the other salts for sodium (Na(CF3SO3)) and magnesium 
(Mg(CF3SO3)2) battery applications are observed good compatibilization and affinity 
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7.3. Conclusions 
 
Polymer porous membrane based on poly(vinylidene fluoride-trifluoroethylene), 
P(VDF-TrFE) have been developed and soaked with electrolyte solution different for 
Li-ion battery separator applications as well as for sodium and magnesium based 
batteries applications. The porous microstructure of the membrane is not influenced by 
the electrolyte solution. 
The high uptake value of 529% is obtained for the Mg(CF3SO3)2 electrolyte 
solution, and increases in the following order: LiTFSI, LiBF4, Na(CF3SO3) and 
Mg(CF3SO3)2 demonstrating that electrolyte uptake depends on the anion size 
present in the salt. 
The thermal and mechanical properties of the membranes are influenced by the presence 
of the electrolyte solution in the membrane due of the interaction/affinity between 
polymer and solvent.  
Independently of the electrolyte solution, LiTFSI, LiBF4, Na(CF3SO3) or 
Mg(CF3SO3)2, high ionic conductivity is obtained and for LiTFSI salt the ionic 
conductivity increases from 0.32 to 1.2 mS/cm when the temperature is increased 
from room temperature at 100ºC. 
The equivalent circuit of these membranes is the Randles circuit that describes the 
kinetics and diffusion processes. The electrical results obtained by impedance 
spectroscopy and cyclic voltammetry confirm that the polymer membranes soaked in 
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8. Lithium-ion batteries with separator membranes 
based on PVDF co-polymers and blends 
 
This chapter report and discuss the physicochemical properties of the novel 
electrolyte membranes based on poly(vinylidenefluoride-co-trifluoroethylene), P(VDF-
TrFE), and poly(vinylidenefluoride-co-hexafluoropropylene), P(VDF-HFP), co-polymer 
hosts and the P(VDF-TrFE)/poly(ethylene oxide (PEO) blend as separators for lithium-
ion battery systems.  
 
 
This chapter is based on the following publication:  
“Poly(vinylidene fluoride)-based, co-polymer separator electrolyte membranes for 
lithium-ion battery systems”, C. M. Costa, J. L. Gomez Ribelles, S. Lanceros-Méndez, 
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8.1. Samples 
The samples used in this chapter are P(VDF-TrFE), P(VDF-HFP) and P(VDF-
TrFE)/PEO (1/1 weight ratio) polymer blend prepared from a 15/85 polymer/solvent 
weight ratio. The electrolyte solutions used are 1 M LiPF6 in EC-DMC (1/1 in weight) 
and the ionic liquid of LiTFSI/PYR14TFSI (mole ratio fixed equal to 1/9). 
 
8.2. Results and discussion 
The swelling effect of the separator membrane size is evidenced in Figure 8.1 which 
shows a picture of a P(VDF-TrFE) sample before (panel A) and after (panel B) 
immersing in LiPF6-EC/DMC electrolyte solution.  
 
 
Figure 8.1 - Picture of a P(VDF-TrFE) membrane before (panel A) and upon (panel B) 
swelling in (1M)LiPF6-EC/DMC(1/1 in weight) electrolyte solution at room 
temperature. 
 
The loading with liquid electrolyte is witnessed by a slight increase in size of the sample 
and the turning of the membrane appearance from white to translucent. This latter 
behavior supports for interactions among the polymer chains and the solvent molecules. 
Also, the mechanical stability of the membranes is not influenced by the uptake process 
in the sense that no fragmentation was observed.  
The morphology of the PVDF separator membranes is presented in Figure 8.2 (panels 
from A through C) as SEM images.  
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Figure 8.2 - Cross-section SEM images of different battery separator membranes. Panel 
A: P(VDF-TrFE); panel B: P(VDF-HFP); panel C: P(VDF-TrFE/PEO). Magnifications 
are depicted in the inserts. 
 
The presence of open porosity with interconnected pathways is observed in all co-
polymer samples, being the pores smaller and dispersed in the blend samples. The 
porosity of the P(VDF-TrFE) (panel A) and P(VDF-HFP) (panel B) membranes is the 
result of the polymer-solvent interaction in the phase diagram of binary systems [1] and 
has been explained as a liquid-liquid phase separation and consequent crystallization of 
the copolymer rich phase [2]. For the P(VDF-TrFE)/PEO blend (panel C), the 
microstructure also is determined by the crystallization process, in which PEO polymer 
shows large spherulites (having a diameter larger than 50 µm, images not shown [3]). In 
panel C of Figure 8.2 it is evidenced the roughness of the sample cross-sections, 
allowing to detect presence of crystalline PEO and small pores in the surface probably 
due to solvent evaporation (during drying at 70ºC). P(VDF-TrFE) crystallizes from 
solution during the drying process (70°C), thus promoting diffusion of amorphous PEO 
chains through the porous structure [3]. 
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Figure 8.3 - DSC trace of selected electrolyte membranes based on different PVDF 
hosts. Scan rate: 10°C min-1.  
 
 For the P(VDF-TrFE) sample (solid line) two endothermic peaks are observed, the first 
one corresponding to the ferroelectric–paraelectric phase transition (TFP) identified 
around 117ºC whereas the second one (145ºC) represents the melting temperature. The 
P(VDF-HFP) sample (data not reported) displays just one peak around 135ºC which 
corresponds to the fusion of the polymer. The DSC trace (dotted line) of the P(VDF-
TrFE)/PEO blend evidences three peaks, the first one (around 61ºC) corresponding to 
the PEO melting and the other ones corresponding to the fusion of the PVdF-TrFE co-
polymer. 
The liquid electrolyte uptake vs. dipping time dependence is illustrated in Figure 8.4 
and summarized in Table 8.1.  
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Figure 8.4 - Liquid electrolyte content vs. dipping time dependence (at room 
temperature) for Li+-conducting, polymer membranes based on P(VDF-TrFE), P(VDF-
HFP) and P(VDF-TrFE)/PEO hosts during immersing in (1M)LiPF6-EC/DMC(1/1 in 
weight) electrolyte solution. 
 
Table 8.1 - Porosity, liquid content and ionic conductivity of electrolyte membranes 
based on different PVDF hosts. Organic = (1M)LiPF6 in EC/DMC (1/1 in weight) 
organic electrolyte. RTIL = (0.1)LiTFSI-(0.9)PYR14TFSI ionic liquid electrolyte (0.1 









(24°C) / mS cm-1 
Conductivity 
(50°C) / mS 
cm-1 
organic RTIL organic RTIL organic RTIL 
P(VDF-TrFE) 72 84 71 2.6 0.4 4.9 0.9 
P(VDF-HFP) 60 81 75 3.5 0.4 4.8 1.2 




The P(VDF-TrFE) and P(VDF-HFP) membrane samples achieve saturation after 
approximately 6 min with a LiPF6-EC-DMC content (with respect to the overall weight 
of the swollen membrane samples) equal to 84 wt.% and 81 wt.%, respectively, 
indicating that the (open) void volume was fully filled. Conversely, the P(VDF-
TrFE/PEO) blend required much longer dipping times (one hour) to be saturated with a 
liquid electrolyte content not exceeding 45 wt.%. This larger necessary dipping time is 
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to be attributed to the stronger interactions of the organic electrolyte (e.g., solvent 
molecules and lithium salt) with the PEO host compound. In addition, despite its 
swelling ability in alkyl carbonate-based electrolyte solutions [4], PEO is not allowed to 
largely swell when constricted in a blend with other polymeric materials (e.g., PVDF). 
The lower porosity exhibited by the P(VDF-TrFE/PEO) blends with respect to the neat 
P(VDF-TrFE) membranes is indicated by their less remarkable liquid uptake (Figure 
8.4). 
The dipping tests in LiTFSI-PYR14TFSI led to lower electrolyte content, e.g., 71 
wt.%, 75 wt.% and 24 wt.% for P(VDF-TrFE), P(VDF-HFP) and P(VDF-TrFE)/PEO, 
respectively, despite the higher density of the ionic liquid electrolyte (1.4 g cm-3) with 
respect to the organic solution (1.2 g cm-3), thus suggesting a lower wettability of the 
LiTFSI-PYR14TFSI mixture towards the PVDF polymer hosts. The results of the 
swelling tests are in agreement with the porosity measurements (Table 8.1), which have 
shown higher void volume fraction for the PVDF co-polymer (72% and 60% for 
P(VDF-TrFE) and P(VDF-HFP), respectively) with respect to the P(VDF-TrFE)/PEO 
blend (30%). This fact is strongly dependent on the membrane processing conditions [4, 
5]. 






















Exposition time / min
 
Figure 8.5 - Retention of liquid electrolyte as a function of the exposition time (at room 
temperature) for Li+-conducting, polymer membranes, based on P(VDF-TrFE), P(VDF-
HFP) and P(VDF-TrFE)/PEO hosts, upon swelling in (1M)LiPF6-EC/DMC(1/1 in 
weight) electrolyte solution. 
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In Figure 8.5 it is displayed the weight variation (recorded at room temperature) as a 
function of the storage time (in glove box atmosphere) of the swollen PVDF-based 
separator membranes immediately after electrolyte uptake. An exponential decay in 
weight was detected for all investigated samples until leveling time-stable mass values 
upon one hour. This behavior is related to the different volatility of the solvents (EC and 
DMC) present in the electrolyte solution. Therefore, the weight decrease detected in the 
separator membranes is practically ascribed to the evaporation of DMC (boiling 
temperature equal to 90ºC) instead EC (248°C) [6]. Weight losses equal to 30 wt.% and 
25 wt.% were observed for the P(VDF-TrFE) (solid squares) and P(VDF-HFP) (open 
squares) samples, respectively, after one hour evaporation whereas only a decrease in 
weight around 7% was recorded for the P(VDF-TrFE/PEO) blend (star). This fact is 
explained by the lower initial content in liquid electrolyte (Table 8.1) and to stronger 
interactions of the solution components with PEO.     
The ionic conductivity of the PVDF-based electrolyte membranes was determined by 
impedance spectroscopy measurements taken on symmetric two steel electrode cells at 
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Figure 8.6 - AC response, taken at different temperatures, of Li+-conducting, polymer 
membranes based on P(VDF-TrFE) (panel A), P(VDF-HFP) (panel B) and P(VDF-
TrFE)/PEO (panel C) hosts upon swelling in (1M)LiPF6-EC/DMC(1/1 in weight) 
electrolyte solution. 
 
The AC responses, normalized toward the area and the thickness of each sample, 
show an inclined straight-line (typical of the blocking electrode capacitive behavior) 
whose intercept with the real axes, Z’, gives the PVDF-based electrolyte membrane 
ionic resistance [7, 8]. At 24°C the P(VDF-HFP) electrolyte sample (panel B) exhibits a 
partial small semicircle (at high frequencies) which does not fall into the origin of the 
axes. This is likely to be associated to a grain boundary resistance contribution [7, 8] as 
also confirmed by the NLLSQ analysis of the AC responses. At medium temperature 
(50°C), a shift of the high frequency intercept inclined straight-line is observed, 
indicating a decrease of the electrolyte membrane ionic resistance. The ionic 
conductivity of the PVDF-based electrolyte membranes is depicted in Table 8.1, which 
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denotes how conduction values above 10-3 S cm-1 are already exhibited at room 
temperature (24°C). Also, it is to note that the P(VDF-TrFE)/PEO blend sample, even if 
able to retain reduced liquid electrolyte amounts (Table 8.1), shows conduction values 
only slightly lower with respect to the PVDF co-polymer electrolytes. This behavior 
may be ascribed to a optimal pore size and interconnection, thus allowing a better 
distribution of the liquid electrolyte. In Table 8.1 are also compared the conduction 
values determined after dipping the PVDF co-polymer separator membranes in 
(0.1)LiTFSI-(0.9)PYR14TFSI, non-volatile, ionic liquid electrolyte. Conductivities one 
order of magnitude lower are observed, even still of interest for practical applications (≥ 
10-4 S cm-1) [9-14], mainly attributed to the lower viscosity of the ionic liquid 
electrolyte with respect the organic one [15].     
 
Table 8.2 - Comparison among the liquid uptake and ionic conductivity values of the 
PVdF-based copolymer electrolyte membranes with those of various gel polymer 
electrolytes reported in literature.  





/ mS cm-1 
PAN  [16] EC-DMC-LiPF6 91 3.1 (25°C) 
PMMA [17] EC-DMC-LiN(SO2CF3)2 78 0.7 (25°C) 
PolyFluoroSilicone/PEO [18] EC-DMC-LiPF6 57 1.9 (20°C) 
PVDF/CTFE [19] PC-EC-LiC(SO2CF3)3 79 0.7 (30°C) 
PEO [4] EC-DMC-LiClO4 80 2.5 (25°C) 
P(VDF-TrFE) EC-DMC-LiPF6 84 2.6 (24°C) 
P(VDF-HFP) EC-DMC-LiPF6 81 3.5 (24°C) 
P(VDF-TrFE)/PEO EC-DMC-LiPF6 45 2.3 (24°C) 
 
The physicochemical properties of various gel polymer electrolytes, previously 
reported in literature, are compared in Table 8.2 with those of the investigated PVdF-
based copolymer electrolyte membranes [4, 16-19]. The latter show analogous or 
superior ion conduction values despite comparable liquid uptake values are displayed. 
This behavior is to be ascribed to weaker interactions between the PVDF copolymer 
host and the liquid electrolyte (i.e., mainly solvent molecules), thus allowing faster ion 
transport through the membranes, even if analogous liquid retention is exhibited [4, 16-
19]. It is to note that simpler and cheaper swelling process was adopted for PVDF 
copolymer with respect to other gel polymer electrolyte systems [4, 16-19].     
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The performance of Li/LiFePO4 cathode half-cells, preliminarily investigated in 
PVDF-HFP electrolyte membranes at room temperature, is reported in Figures 8.7 and 
8.8.  

























































Figure 8.7 - Voltage vs. capacity discharge profiles (panel A) and capacity vs. current 
density dependence (panel B) of Li/LiFePO4 cathode half-cells containing Li+-
conducting, P(VDF-HFP) separators swollen in (1M)LiPF6-EC/DMC(1:1 in weight) 
electrolyte solution. Discharge rate: C/10 – 2C. Charge rate: C/10. Room temperature. 
 
Panel A of Figure 8.7 illustrates the voltage vs. capacity profile of selected discharge 
half-cycles obtained at various current rates, revealing a well-defined voltage curve 
typical of LiFePO4 cathodes [20] even at high current densities. A moderate increase in 
ohmic drop, e.g., from 0.6 V to 0.9 V, is detected with increasing the discharge rates 
from 0.1C to 2C, this supporting for high conduction of the electrolyte membrane (e.g., 
high mobility of the Li+ cation). In panel B of Figure 8.7 is reported the discharge 
capacity vs. current rate dependence. A nominal capacity equal to 155 mA h g-1 (91.2 % 
of the theoretical value) is delivered, approaching the performance achieved in LiPF6-
EC-DMC liquid electrolytes supported by glass fiber separators, (e.g., 155 mA h g-1 at 
0.1C) [21-23]. It is worth noticing that at 2C (corresponding to 2.0 mA cm-2) the cells 
are still able to deliver above 89% (corresponding to 138 mA h g-1) of the capacity (155 
mA h g-1) discharged at 0.1C (0.1 mA cm-2, e.g., at a current density twenty times 
lower). Such an excellent rate capability, comparable with that detected in liquid 
electrolyte solutions [21-23], supports, once more, for fast transport properties of the 
PVDF-HFP electrolyte membrane, indicating that negligible diffusive phenomena occur 
8. Lithium-ion batteries with separator membranes based on PVDF 
co-polymers and blends 
 
  162 
up to 2.0 mA cm-2. These promising results suggest that: ii) the liquid LiPF6-EC-DMC 
solution, even if well confined within the PVDF-HFP host, is free to move through the 
membrane, thus quickly conducting Li+ electrochemically active species; ii) fast ion 
transport also within the composite cathode (due to adequate and well interconnected 
pores through the electrode).  
 
Figure 8.8 - Cycling performance (delivered capacity: solid squares; coulombic 
efficiency: open squares) of Li/LiFePO4 cathode half-cells containing Li+-conducting, 
P(VDF-HFP) separators swollen in (1M)LiPF6-EC/DMC(1/1 weight) electrolyte 
solution at room temperature. Discharge rate: C/10 – 2C. Charge rate: C/10. Room 
temperature. 
 
The results plotted in Figure 8.8 show a very good cycling behavior (delivered 
capacity: solid squares; coulombic efficiency: open squares) with large capacities even 
at high current rates (2C) and upon prolonged charge/discharge cycles run at 100% of 
DOD. For instance, above 99% of the initial capacity is still discharged after 100 cycles 
run within the full voltage range (100% DOD), thus highlighting an excellent capacity 
retention. This and the about 100% coulombic efficiency achievements even at high 
rates and upon prolonged cycling tests (Figure 8.8) are certainly related to the very good 
electrolyte/electrode compatibility, which results from the high purity of the electrolyte 
materials and the cell manufacturing besides the high stability of the cathode material.  
Figures 8.9 and 8.10 illustrate the preliminary performance of Li/Sn-C anode half-
cells investigated in P(VDF-TrFE) electrolyte membranes at room temperature.  
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Figure 8.9 - Voltage vs. capacity discharge profiles (panel A) and capacity vs. current 
density dependence (panel B) of Li/Sn-C anode half-cells containing Li+-conducting, 
P(VDF-TrFE) separators swollen in (1M)LiPF6-EC/DMC(1/1 in weight) electrolyte 
solution. Discharge rate: C/10 – 2C. Charge rate: C/10. Room temperature. The rate 
capability referred to Sn-C anodes in P(VDF-TrFE)/PEO-based electrolyte membranes 
is reported in panel B for comparing purpose. 
 
 
Panel A of Figure 8.9 shows the voltage vs. capacity profiles, typical of tin anodes 
[21-23], referred to selected discharge half-cycles run at various current rates. A 
moderate ohmic drop increase, e.g., from 0.7 V to 0.95 V, is recorded with increasing 
the discharge rates from 0.1C to 2C, once more indicating fast Li+ ion conduction for 
the P(VDF-TrFE) electrolyte membrane. In panel B of Figure 8.9 is depicted the 
discharge capacity vs. current density behavior. A nominal capacity equal to 300 mA h 
g-1 is delivered, which is found to decrease with the current rate. Large capacity values 
are observed up to 0.5C (about 0.8 mA cm-2), e.g., 300 mA h g-1, 270 mA h g-1 and 230 
mA h g-1 are discharged at 0.1C, 0.2C and 0.5C, respectively. Appreciable capacities 
(about 140 mA h g-1 and 60 mA h g-1) are still delivered at higher rates (1C and 2C, 
respectively). Differently to that recorded for the P(VDF-HFP) membrane adopted as 
the electrolyte separator in Li/LiFePO4 cells (e.g., analogous performance with respect 
to the one observed in LiPF6-EC-DMC solutions), these values are, however, lower than 
the results observed in liquid electrolyte (e.g., 450 mA h g-1 at 0.2C) [21-23], which is 
to be ascribed to the inferior ion conduction of the P(VDF-TrFE) polymer electrolyte 
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(2.6 mS cm-1 at 24°C) with respect to the P(VDF-HFP) (3.5 mS cm-1 at 24°C) 
membrane (Tables 8.1 and 8.2). This behavior, taking also into account that the P(VDF-
TrFE) membranes showed a higher liquid uptake (84 wt.%) with respect to the P(VDF-
HFP) (81 wt.%), is to be ascribed to higher interactions of the P(VDF-TrFE) host with 
the LiPF6-EC-DMC solution, thus leading to slower transport properties. 
The data plotted in panel B of Figure 8.9 show two well-defined linear trends with a 
knee at 0.8 mA cm-2 (0.5C), due to the delivered capacity limitation originating from 
different diffusive phenomena taking place in the electrolyte membrane (higher rates) 
and in the anode active material phase (lower rates).  
For instance, the value of 0.8 mA cm-2 may be taken as the current density limit for 
the P(VDF-TrFE) electrolyte separator.  
The lower rate capability with respect to the Li/LiFePO4 half-cells is likely addressed 
to the less conductive P(VDF-TrFE) electrolyte membrane (in comparison to the 
P(VDF-HFP) electrolyte separator) and more marked diffusive phenomena within the 
Sn-C active material (with respect to LiFePO4 [20-23]).  
Finally, the capacity vs. current rate dependence of Li/Sn-C half-cells in P(VDF-
TrFE)/PEO blend electrolyte (open square markers) is reported for comparison purpose.  
As clearly evidenced from panel B of Figure 8.9, reduced capacity values are 
observed, likely due to the remarkably lower ion conduction of the P(VDF-TrFE)/PEO 
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Figure 8.10 - Cycling performance (delivered capacity: solid squares; coulombic 
efficiency: open squares) of Li/Sn-C anode half-cells containing Li+-conducting, 
P(VDF-TrFE) separators swollen in (1M)LiPF6-EC/DMC(1:1 in weight) electrolyte 
solution at room temperature. Discharge rate: C/10 – 2C. Charge rate: C/10. Room 
temperature. 
 
The rate performance of the Li/Sn-C half-cells in P(VDF-TrFE) electrolyte 
membrane is also observed in Figure 10 where are displayed the delivered capacity vs. 
cycle trend (solid squares) and the coulombic efficiency evolution (open squares) at 
increasing current rates from 0.1C (0.15 mA cm-2) to 2C (3.0 mA cm-2). A very good 
cycling behavior is shown even upon prolonged charge/discharge cycles run at 100% of 
DOD. It is to note that a better capacity retention is observed at high instead at low 
rates. At 0.1C, upon an initial value equal to 336 mA h g-1, the capacity is seen to 
leveling at 300 mA h g-1 after 10 cycles and, then, almost linearly decreasing down to 
264 mA h g-1 upon further 165 consecutive cycles, corresponding to a fade equal to 
0.05% per cycle, due to the intrinsic fading of deeply discharged Sn-C anodes [21-23] 
rather than to P(VDF-TrFE) electrolyte misbehavior and/or cell design. Conversely, 
above 99% of the capacity initially delivered at 2C was discharged after 180 cycles, 
corresponding to a fade lower than 0.002% per cycle. This behavior can be mainly 
ascribed to the intercalation of the Li+ ion present in the pores of the tin electrodes only. 
Nominally, no contribution from the Li+ ion diffusion in the bulk electrolyte is existing 
in this current regime. These results and the leveled 100% coulombic efficiency value 
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even at high current densities and after prolonged tests (Figure 8.10) witness very good 
electrolyte/electrode compatibility, deriving from the high purity of the materials and 
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8.3. Conclusions 
The physicochemical properties of electrolyte membranes based on the P(VDF-
TrFE) and P(VDF-HFP) copolymers, and the P(VDF-TrFE)/PEO blend, as separators 
for lithium battery systems, were investigated in organic electrolytes and non-volatile, 
non-flammable ionic liquid-lithium salt solutions. The results have shown that the 
examined membranes, particularly those based on the PVDF co-polymers, are able to 
uptake large liquid amounts, e.g., above 80% with respect to the overall weight of the 
swollen sample, due to their high interconnected porosity (60-70% in volume), leading 
to ionic conductivity values of the order to 10-3 S cm-1 at room temperature. 
Cycling tests performed on Li/LiFePO4 and Li/Sn-C half-cells have revealed very 
good capacity retention even upon prolonged charge/discharge cycles run at high 
current rates and 100% of DOD. A capacity fading lower than 0.002% per cycle was 
observed. Particularly, the Li/LiFePO4 cathode cells have exhibited excellent rate 
capability, being still able to deliver at 2C above 89% of the capacity discharged at 
0.1C. These results, in conjunction with the about 100% coulombic efficiency, suggest 
very good electrolyte/electrode compatibility, which results from the high purity of the 
electrolyte materials and the cell manufacturing besides the high stability of the 
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9. Conclusions and future works 
 
The battery separator membrane is critical in determining the operation of a battery.  
This chapter presents the main conclusions of the present work, devoted to the 
development of P(VDF-TrFE) co-polymer separator membranes, as well as the main 
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9.1. Conclusion 
 
Technological development and the constant mobility of society also lead to the 
question of how to generate and store energy. Energy storage is critical, in particular in 
the field of mobile applications and transportation.  
For lithium-ion batteries, the ionic conductivity of the battery separator, related to 
membrane porosity, pore size and electrolyte uptake, among others, strongly influences 
the performance of the battery. The correlation between the membrane properties and 
the fabrication methods is fundamental in order to achieve adequate battery separators. 
It is essential the knowledge and control of their structure, stability and ionic 
conductivity in order to increase performance of the materials as battery separators. 
In this work it has been shown that the P(VDF–TrFE) copolymer shows adequate 
properties for battery separator application through the control of the porosity of the 
membranes. By solvent evaporation at room temperature, membranes with degrees of 
porosity from 70% to 80% were obtained leading to the electrolyte solution uptakes 
from 250% up to 600%. 
In relation of the composites of P(VDF-TrFE) with lithium salts, lithium salt 
concentration influences the ionic conductivity of the electrolytes and the best values of 
2.3×10−6 S/cm at 120 °C were obtained. These composites show good overall 
electrochemical stability. 
It is concluded that the best membranes for lithium ion applications are the ones with 
high degrees of porosity and loaded by electrolyte uptake. 
Novel polymer blends based on poly(vinylidene fluoride-
trifluoroethylene)/poly(ethylene oxide) were produced. In this blend, the ionic 
conductivity has a maximum in the samples containing 60% PEO, reaching a value of 
0.25 mS cm−1. 
The effect of the electrolyte solution uptake in the P(VDF-TrFE) membranes was 
studied, the ionic conductivity of the membrane being dependent on the anion size of 
the salts present in the electrolyte. 
The performance of the battery was evaluated in anodic (Li/Sn-C) and cathodic 
(Li/LiFePO4) half cells. 
Independently of the half-cell type, these battery separators revealed very good cycling 
performance even at high current rates and 100% of depth of discharge (DOD), 
approaching the results achieved in liquid electrolytes. 
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For P(VDF-TrFE) in anodic half-cell, the initial value for 0.1C is equal to 336 mA h g-1 
and the capacity decreases to 264 mA h g-1 upon 165 consecutive cycles, corresponding 
to a fade equal to 0.05% per cycle. 
In conclusion, P(VDF-TrFE) copolymer based polymer electrolytes offer broad 
engineering possibilities for membrane preparation with tailored microstructure and 
physicochemical properties, showing therefore large potential for a new generation of 
more efficient battery separator membranes. 
 
 
9.2. Future works 
The battery separator determined the safety of lithium-ion batteries and represents a 
strong growing research field. With respect to the future trends, membranes have to be 
achieved with similar large degrees of porosity (80%) but with hierarchical pore size 
structures down to pore sizes below 1 μm in an up-scalable way. This will allow to 
improve uptake without compromising mechanical properties and to obtain larger batch 
productions. 
The incorporation of ionic liquids in the single polymer membranes is a promising 
field for more environmental friendly battery separators with high ionic conductivity at 
room temperature and wider electrochemical windows. 
It can be also explored the performance of new types of battery separators through the 
fabrication of multilayers, coated or hierarchical pore structures to enhance the thermal, 
electrical, mechanical and electrochemical properties of the battery separators and to 
improve compatibility with electrodes. 
